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Chapter – I 
INTRODUCTION 
1.1 Introduction 
Jurassic period is considered to record the deposition of widely divergent 
sedimentary rocks outcropping in different parts of world. The heterogeneous nature 
of Jurassic deposits suggests highly divergent physico-chemical conditions in and 
around the sites of deposition including topography, paleoslope, depth of basin etc. as 
well as marine conditions. In western India marine mixed siliciclastic-carbonate 
sediments of Jurassic age are exposed in the Kachchh Basin. The succession of 
Mesozoic rocks of Kachchh Basin in the state of Gujarat is well known for its fossil 
wealth, especially the ammonoids. These rocks first received the attention of 
geologists and palaeontologists when this region was hit by a major earthquake in the 
year 1819. Since then, a large amount of work has been carried out on stratigraphy 
and megafossils of these rocks. The disastrous earthquake on 26 January, 2001 which 
rocked the entire Kachchh has once again attracted the attention of geologists to this 
region. Although Jurassic rocks of Kachchh have been subjected to intensive 
stratigraphical and paleontological studies since 1937, relatively little attention has 
been paid to sedimentological investigations of these rocks. These sediments were 
deposited in a pericratonic rift basin representing the westerly dipping eastern flank of 
Indus shelf. This basin is filled up with three sediment packages of Mesozoic, Tertiary 
and Quaternary ages. The Mesozoic package comprises Late Triassic to Early Jurassic 
continental, Middle to Late Jurassic marine and Late Jurassic to Early Cretaceous 
fluvio-deltaic sediments. The Mesozoic Kachchh Basin is bordered by the subsurface 
Nagarparkar massif in the north, Radhanpur-Barmer arch in the east and Kathiawar 
uplift to the south (Biswas, 1982).  The basin extends between latitude 22°30’ and 
24°30’N and longitude 68°and 72°E covering entire Kachchh district of Gujarat states 
(Figure 1.1). The sediments within the basin provide copious opportunities for 
stratigraphic, sedimentological and paleontological studies due to their vast exposures 
and rich and extremely diverse well preserved fauna. 
The Mesozoic rocks in the Kachchh Basin range from Middle Jurassic to 
Lower Cretaceous in age and are exposed extensively in the Kachchh Mainland, 
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Wagad, the islands of Patcham, Bela, Khadir and Chorar. The Mainland outcrops are  
exposed as a continuous succession from Bajocian to Albian and consist of a 
prominent ridge extending for about 193 Kms from Jawahar Nagar in the east to Jara 
in the west. Mesozoic sediments ranging in age from Bajocian to Albian lie 
unconformably on the Precambrian basement (Bardan and Datta, 1987). Marine 
Jurassic mixed with siliciclastic-carbonate sediments exposed in Kachchh basin bear 
signatures of an inundation by sea during the Bajocian which persisted throughout the 
Jurassic and Early Cretaceous until Albian.  
Within exposed sequence, marker beds (hard grounds and widespread 
condensed horizons) occur at different stratigraphic levels and have been described in 
detail by Singh (1989) and Fürsich et al., (1992) with special reference to their 
depositional environment and sequence stratigraphic significance (Fürsich et al., 
2001). These condensed horizons and hard grounds represent preserved relicts of 
transgressive pulses and diagenetic facies. The Kachchh Basin sediments are 
dominantly represented by siliciclastics. Fürsich et al., (1991) interpreted these 
siliciclastics as representing a wide range of depositional settings including coastal 
and estuarine environments, subtidal bar, storm influenced shallow shelf and mid-
shelf environments below storm wave base, and sediment starved offshore settings. 
Carbonates and mixed carbonate-siliciclastic rocks in the Kachchh Basin are largely 
confined to the Bathonian and Early Callovian ages and represent storm dominated 
shallow shelf environments (Fürsich et al., 1991). Carbonates occur in appreciable 
quantity only in the Late Bathonian Raimalro Limestone Member (Sponge Limestone 
Member of Patcham Formation) in the basin. The lower boundary of the Patcham 
Formation is strongly diachronous (Fürsich et al., 2001). The overlying sediments of 
Chari Formation are fine sand- and silt bearing marls, bioturbated with thin 
intercalations of laminated packstones and grainstones. The top of the Raimalro 
Limestone Member marks a distinct facies change from a carbonate-dominated 
regime to a siliciclastic regime over the entire sub-basin. The transition to the 
siliciclastic Chari Formation is gradual in some areas and sharp in others. The Dhosa 
Oolite Member of the Chari Formation is unconformably followed upwards by the 
Katrol Formation, yielding ammonites of Kimmeridgian age (Fürsich et al., 1991).   
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Figure 1.1: Geological map of Kachchh Basin showing study area (after Biswas, 1977). 
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1.2 Geological Setting 
The major portion of the Indian Peninsula is the shield area with intracratonic 
and pericratonic fault bounded basins. More than half the area of peninsula exposes 
Archaean gneisses and schists, Precambrian sediments and igneous rocks which have 
been metamorphosed to various degrees. The rest of the peninsula is covered by 
volcanic flows (Deccan and Rajmahal Trap flows), Late Precambrian-Early Paleozoic 
sediments and Gondwana rocks. Krishnan (1953) suggested that there are certain 
persistent regional trends noticeable in the Precambrian rocks of different parts of 
India. These trends are regional foliation, strikes, fold axes of ancient mobile belts and 
strike faults which are manifested as regional tectonic lineaments. Basement 
controlled tectonics discussed by many authors (Beloussov, 1962; Prucha et al, 1965; 
Eremenko, 1968; Milanovsky, 1972; Katz, 1978, 1979; Biswas, 1980, 1982). Naini 
and Kolla (1982), have brought out that horst and grabens in the western continental 
margin of India were formed by reactivation of Precambrian basement trends. Katz 
(1978, 1979) and Metcalfe (1988, 1993) demonstrated in the context of the India-
Madagascar and India-Sri Lanka separation, that Precambrian lineaments were 
rejuvenated in the Mesozoic-Tertiary to form oceanic transform faults and rifts which 
determined phases of Indian Ocean floor spreading. Thus, reactivation of major 
basement faults and block faulting along them gave rise to intracratonic and marginal 
basins of Indian Shield. Repeated movements along these faults at different times 
controlled the evolution of these basins. 
The Jurassic sediments of Kachchh represent a thick pile of rocks ranging in 
age from Bajocian to Tithonian (Singh et al., 1982), which rest unconformably on the 
Precambrian basement. The tectonic history of Mesozoic Era began with the 
fragmentation of Pangea into two parts i.e., Gondwanaland and Laurasia. The 
southern part of the Pangea (Gondwanaland) broke apart during Mesozoic itself 
whereas the northern part (Laurasia) broke during Tertiary. The breakup of eastern 
Gondwanaland from western Gondwanaland during Late Triassic/Early Jurassic 
(Norton and Sclater, 1979) marked the beginning of evolution of western margin 
basins of India and the subsequent spreading history of the eastern Indian Ocean. 
During Middle and Late Jurassic, North America rifted from Africa westward that 
resulted in the opening of North Atlantic. Also during the same period of time, India 
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together with Antarctica and Australia began to rift away from Africa that gave rise to 
the graben faulting on the western margin of India by reactivation of ancient faults 
sequentially from north to south (Biswas, 1982). 
 Kachchh is a pericratonic basin developed in an east-west alignment 
deepening towards the west (Biswas, 1982). The basin developed primarily due to 
rifting of Africa and India in the Late Triassic time during the fragmentation of the 
Gondwana Super Plate (Biswas, 1987) and experienced periodic carbonate 
sedimentation from Middle Jurassic to Neogene time. Kachchh rifting along the Delhi 
trend was initiated in the Late Triassic as evidenced by continental rhaetic sediments 
in the northern part of the basin (Koshal, 1984). During Jurassic time, in the early 
stages of India’s northward drift away from Gondwanaland, the Kachchh rift basin 
was formed from the subsidence of a block between Nagar Parkar hills and the 
southwest extension of Aravalli Range. The first occurrence of marine sediments in 
the Middle Jurassic (Bajocian) indicates that the graben became a fully marine basin 
during that time. In early Cretaceous time the basin was filled up and the sea began to 
recede (Bardan and Datta, 1987). The Late Cretaceous witnessed extensive regional 
uplift in the western part of India. .     
Two factors have controlled sediment accommodation within this basin: tilting 
of fault blocks and sea level stand during depositional cycles. The sedimentation 
finally ceased during Late Cretaceous with the onset of Deccan volcanism as 
evidenced by the presence of huge lava flows which overly Cretaceous Bhuj 
Sandstone in the Kachchh Mainland particularly in its western and southern flanks 
(Guha and Gopikrishna, 2005). The total area of the basin is about 26,554 Km
2
 of 
which outcrop area includes only 8046.7 Km
2
. The basin is filled up with 1524m to 
2438.4m of Mesozoic sediments and 1800 ft of Tertiary sediments. The sediment fill 
thickness from less than 500m in the north to over 2500m in the west indicating a 
paleoslope in the southwest.    
There are four major faults in the Kachchh region trending in an east-west 
direction. The first fault is situated in the north, immediately north of the first 
anticlinal chain in the Rann of Kachchh. The second fault runs along eastern 
Kachchh, passing through the Banni plain. The third fault passes through extreme 
Introduction 
7 
north of the Kachchh mainland, just touching the northern fringes of Jhurio and Habo 
hills while the fourth one stretches along the Katrol-Charwar ridge, south of Bhuj 
(Figure 1.2).  
The opening of the Kachchh basin to the north of Saurashtra Peninsula 
coincided with the transgressive phase of the sea onto the coastal areas of other parts 
of Gondwanaland including the western margin of Indian plate during Jurassic-
Cretaceous time (Krishnan, 1968). A shallow epicontinental Jurassic sea ingressed 
into the Kachchh basin (Biswas, 1987; Krishna, 1987). Much of the Mesozoic 
sedimentation took place during the early rift phase of the evolution of India's western 
continental margin. First, the area between basin margin Nagar Parkar fault and Island 
Belt fault (Kaladongar-Khadir-Bela fault system) was filled up by granite-cobble 
fanglomerates and arkoses in the rift valley stage and then the region between the 
Island Belt and the Mainland was filled by continental to paralic valley fill clastics 
dated as Rhaetic by Koshal (1984). The first marine transgression started with  
extension of graben upto Kathiawar uplift by activation of North Kathiawar Fault 
during rift-rift transition of Indian plate movement. The graben was inundated 
forming a gulf. The carbonates of the basin were deposited during this period. In 
Early Oxfordian time, proto-oceanic stage was reached with complete inundation of 
the embayed basin. The rifting failed by Early Cretaceous time when the clastics of 
prograding delta filled up the basin as the sea regressed (Biswas, 1982). 
 Biswas (1971, 1980) and Biswas and Deshpandey (1983) have worked out the 
formal lithostratigraphic classification for these Jurassic strata. The present study 
follows the refined and updated lithostratigraphic nomenclature of Fürsich et al., 
(1991, 1992, 2001) for the Jurassic and early Cretaceous rocks of the Kachchh Basin 
(Table 1.1). 
1.3 Location of the Study Area 
Kachchh is bounded by little Rann in the east, Arabian sea in the west, Gulf of 
Kachchh in the south and the Great Rann in the north. The Kachchh region presents a 
flat undulating topography with river beds, well tilted valleys, small hillocks and 
isolated peaks. The major part of the region is a desert which is either alluvial or 
partly fluvio-marine or windblown with saline wastes in Rann of Kachchh. Habo 
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Dome was chosen for the present study because of its proximity from Bhuj, 
Headquarter of Kachchh, and good exposures of Middle to Late Jurassic rocks along 
various nalas and road cuttings. The study area is limited by latitude 23°20’and 
23°25’N and longitude 69°43’and 69°54’E. In the study area Jurassic sedimentary 
rocks comprising sandstones, shales and limestones are exposed in patches.  
Table 1.1  Lithostratigraphic framework of the Jurassic and Lower Cretaceous 
Rocks of Kachchh Mainland (Fürsich et al., 2001). 
Age Kachchh Mainland 
Albian-Aptian 
Umia Formation 
Bhuj Member 
Ukra Member 
Neocomian Ghuneri Member 
Tithonian Umia Member 
Tithonian-Kimmeridgion Katrol Formation  
Late Early  
Oxfordian 
 Dhosa Oolite Member 
Early Oxfordian 
Chari Formation 
Dhosa Sandstone Member 
Gypsiferous Shale Member 
Athleta Sandstone Member 
Callovian 
Ridge Sandstone Member 
Shelly Shale/Keera Golden 
Oolite Member 
Bathonian Patcham Formation 
Sponge Limestone Member 
Purple Sst./Echinodermal 
Packstone Member 
Jumara Coralline Limestone 
Member 
Bajocian- 
Bathonian 
Jhurio Formation 
Goradongar Yellow Flagstone 
Member 
Jhura Golden Oolite Member 
Canyon Lst./Badi Golden 
Oolite Member 
Badi White Limestone 
Member 
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Figure 1.2: Tectonic framework of Kachchh Basin (after Biswas, 1982). 
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 The Habo Dome, located approximately 40km NE of Bhuj, is roughly 
elliptical in outline (15 km long and 6 km wide) with its longer axis trending 
approximately E-W (Figure 1.3). The southern slopes are relatively gentle whereas 
the northern ones are steep. The available faunal evidence suggests that the Chari 
Formation (Habo Formation) is Callovian-Oxfordian in age (Osman and Mahender, 
1997). The lithostratigraphic classification worked by Kanjilal (1978) and Fürsich et 
al., (2001) based on the lithological variations among the various units is presented in 
Table 1.2. The city of Bhuj is connected by air, road and railways to Delhi and 
Mumbai. 
1.4 Previous Work 
Kachchh Basin, situated at the western margin of the Indian plate, is 
considered as one the most important Jurassic localities of the Indo-East African 
marine faunal province and is globally famed for its rich and stratigraphically 
significant ammonoids. This region has fascinated geologists and palaeontologists 
since the middle of the nineteenth century for the abundant fossils, well exposed 
sedimentary sequence and mineral deposits. The earliest works on the rocks of 
Kachchh were general descriptions of the geology and some fossils (Grant, 1837; 
Sowerby, 1840). These were followed by a more detailed account by Wynne (1872) 
based on a mapping survey in 1867-1868. Waagen (1875) introduced a four-fold 
subdivision of the Jurassic in ascending order, the Patcham, Chari, Katrol and Umia 
groups. Waagen’s classification gained general acceptance by subsequent workers 
(Rajnath, 1932; Spath, 1933; Krishna, 1983, 1984; Bardan and Datta, 1987; Singh, 
1989; Fursich and Oshman, 1993; Fürsich et al., 1994; Bhalla et al., 1998;  Fürsich et 
al., 1991, 1994, 2000, 2001, 2004; Pandey and Dave, 1993; Khosla et al., 1997, 2004; 
Bhandari and Colin, 1999; Bajpai and Whaltey, 2001; Gaur and Talib, 2009).   
A lot of efforts has been put in by the past as well as present geologists to elucidate 
the stratigraphic sequence of Kachchh Basin. Biswas (1971, 1980) presented the first 
comprehensive modern lithostratigraphic classification for the whole basin. He 
defined and described type sections and correlated the main lithological units. A more 
comprehensive description of the lithostratigraphic units of Kachchh Basin was given 
by Singh et al., (1982), Singh (1989), Oldham (1893),  Fürsich et al., (2001, 2004),  
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Table 1.2: Middle Jurassic stratigraphic succession of the Habo Dome (after 
Kanjilal, 1978 and Fürsich et al., 2001). 
Formation Member Lithology Age 
 
 
 
 
 
 
 
 
 
 
 
Chari 
Lodai (= Dhosa 
Oolite member) 
Alternating beds 
of limestone and 
shale (limestone 
yellowish to light 
brown; shale 
grayish green to 
yellowish) 
Oxfordian 
Rudramata (= 
Gypsiferous Shale) 
Yellowish shale 
overlain by 
ferruginous 
sandstone 
 
Jhikadi (=Athleta 
Sandstone)  
Ferruginous and 
calcareous 
sandstone with 
beds of shale and 
discontinuous 
conglomerate and 
coral bed on top 
sandstone 
exhibits cross-
bedding and 
ripple marks 
 
 
 
 
 
 
 
Dharang (= Ridge 
Sandstone) 
Yellowish to 
grayish yellow 
limestone and 
yellowish shale 
Callovian 
 
Patcham 
Black Limestone 
 (= Sponge limestone 
member) 
Black to greenish 
grey limestone 
Bathonian 
  Base not exposed  
 
H
ab
o
 
Introduction 
13 
 
 
 
Figure 1.3: Geological map of the Habo Dome (after Kanjilal, 1978). 
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Fürsich and Oshman (1993). Some workers emphasized the importance of 
microfossils for working out paleoenvironment, biostratigraphy and paleogeography 
of these sediments (Tewari, 1957; Subbotina et al., 1960; Singh, 1961; Agrawal and 
Singh, 1961; Bhalla and Abbas, 1975, 1976, 1978, 1984; Bhalla and Talib, 1978, 
1980, 1991; Govindan et al., 1988; Pandey and Dave, 1993; Bhalla et al., 1998, 2000; 
Talib et al., 2007; Gaur and Talib, 2009; Talib et al., 2012; Talib and Faisal, 2013). 
A study of literature revealed  that little work has been done on the 
sedimentological aspects dealing with depositional environment, petrofacies, 
diagenesis and provenance (Balagopal and Srivastava, 1975; Biswas, 1981; Bose et 
al., 1988; Mahender and Banerji, 1990; Bandhopadhyay, 2004; Dubey and Chatterjee, 
1997; Nandi and Desai, 1997; Mishra and Tiwari, 2005; Ahmad et al, 2006; Ahmad 
and Bhat, 2006; Mishra and Tiwari, 2006; Ahmad et al., 2007, 2008; Tiwari and 
Mishra, 2007; Mishra and Pandey, 2008; Mishra and Krishna, 2008; Mishra and 
Biswas, 2009; Ahmad and Aabiroo, 2010; Roohi and Ahmad, 2013; Ahmad et al., 
2013; Ahmad et al., 2015). As Kachchh Basin has been classified as Category II type 
basin of Oil and Natural Gas Corporation Limited of India where hydrocarbon 
occurrences have been found, it needs exhaustive sedimentological database. In view 
of the above, extensive sedimentological studies are required in order to compose a 
vivid picture of the depositional environment, tectonic setting and diagenesis of these 
rocks. 
1.5 Aim and Scope of Work 
The present study aims at reconstructing the sedimentation history and facies 
analysis of sandstone and limestone units belonging to the Jurassic age. For this 
purpose three field sessions were devoted during the month of November 2011, 
January 2012 and March 2013 for detailed lithofacies studies, measurement of 
sections, collection of palaeocurrent data and collection of samples for the follow-up 
laboratory investigations. Five well exposed lithostratigraphic sections were measured 
from Dhrang, Jhikadi, Rudramata and Lodai localities. Lithologs were prepared on the 
basis of field data and lithofacies were identified. 
Seventy thin section of sandstone and limestone samples were prepared and 
used for petrographic study. Textural attributes of these sandstones, such as size, 
sorting, skewness, kurtosis, roundness and sphericity were studied with a view to 
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interpret the provenance and estimate the influence of texture on the detrital modes 
and petrofacies. Statistical parameters of grain size were computed according to the 
method of Folk (1980). Bivariant plots were plotted to find out interrelationship of 
various textural attributes. 
Lithofacies analysis of the sandstones was carried out to interpret the 
depositional environment of Chari Formation. Detrital mineralogy was studied for the 
purpose of description and petrographic classification of the sandstone and also for 
the interpretation of provenance. Folk’s (1968, 1980) scheme of sandstone 
classification, based on composition of common detrital framework constituents and 
Dickinson’s (1985) classification emphasizing the tectonic setting of the provenance, 
were employed in the present study. The detrital minerals were studied in 42 thin 
sections. 
Diagenesis is an important aspect of sedimentological investigation but 
published studies dealing with this aspect are scarce, especially those carried out on 
the Jurassic sediments of the Kachchh Basin. In the present study an attempt was 
made to study the diagenesis history of the sediments. The study of diagenesis is 
based on examination of thin sections, scanning electron microscopy and X-ray 
diffraction analysis. Thin sections were employed to study the types of grain contacts, 
porosity reduction, types of cement, neomorphism and micritization. Scanning 
electron microscopy was employed to study cement and pores. X-ray diffraction 
analysis helped in the identification of clay minerals. 
Nowadays there is another emerging trend where sedimentological studies of 
clastic rocks are integrated with their geochemical data, in order to get more realistic 
and accurate information about their provenances, paleoclimate and the tectonic 
processes which control their deposition (McLennan et al., 1993; Zimmerman and 
Bahlburg, 2003; Raza et al., 2011). And thus, such studies are giving more accurate 
picture of crustal evolution in complex geological terrains. In consonance of this 
approach geochemical analyses, including major, trace and rare earth elements, on 
both coarse and fine calstic rocks of Habo Dome have been performed to  i) unravel 
weathering and paleoclimatic conditions during sedimentation, ii) identify and 
delineate the provenance of the sediments and iii) understand tectonic setting of the 
sedimentary basin.  
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Chapter – II 
LITHOSTRATIGRAPHY 
The lithostratigraphic sections of Habo Dome were measured at several 
localities in the study area. Five stratigraphic sections were measured from Dhrang, 
Jhikadi, Rudramata and Lodai area. None of the sections show thickness more than 
53.1 m. The lithostratigraphic details of the measured sections are as follows: 
2.1 Black Micritic Limestone 
The black micritic limestone is 20m thick and well exposed in the scarp 
section facing the Kalajar nala, south of Dhrang village (Figure 2.1). The black 
micritic limestone is the youngest Member of Patcham Formation and exposed only in 
the Dhrang area. The lithology of the Member consists mainly of black to grayish 
black, hard, compact limestone with thin layers of shale, thick-bedded / massive in the 
lower part and thin bedded in upper part (Plate-2.1A). Although the base of limestone 
member is not exposed at many places it has been observed that it directly overlies a 
basic igneous dyke. Mega fossils are rare but microfossils are represented by 
foraminifera (Bhalla and Abbas, 1978). The allochemical constituents of limestone 
include mainly pellets and a few superficial oolites set in a microsparitic matrix. 
2.2 Dhrang Section 
 Lithostratigraphic section measured (Figure 2.2) near south of Dhrang village 
is 52m thick. The section has the following sequence: 
44-52m Oolitic limestone, containing rounded to subrounded silty to medium 
sand size quartz with feldspar grains (Plate-2.2D), 8m thick 
36.5-44m Interbedded gypsiferous shale and sandstone (Plate-2.2C), 7.5m thick 
32.5-36.5m Reddish brown to whitish brown, soft and friable, medium to coarse 
grained, ripple bedded sandstone (Plate-2.2B), 4m thick 
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29.5-32.5m  Soft and friable, medium, coarse and fine grained laminated sandstone 
(Plate-2.2A), 3m thick 
21.5-29.5m Pinkish color, soft and friable, coarse grained, Trough cross bedded 
sandstone (Plate-2.1E), 8 m thick 
6.5-21.5m Pink to yellowish brown, soft and friable, coarse grained sandstone, 
large scale planar cross bedding (Plate-2.1D), 15m thick 
0.5-6.5m Interbedded limestone and grey shale (Plate-2.1C), 6m thick 
0-0.5m Matrix supported conglomerate at the base (Plate-2.1B), 0.5m thick 
 
2.3 Jhikadi Section 
 Lithostratigraphic section measured (Figure 2.3) north and northwest of 
Jhikadi village. It is 53.1 m thick. The member mainly comprises sandstone with 
subordinate shale. The section has the following sequence: 
49.1-53.1m Medium, coarse and fine grained laminated sandstone,  4m thick 
43.1-49.1m Thinly to thickly trough cross bedded sandstone, soft, friable and 
coarse grained, small scale trough cross bedding, 6m thick 
33.1-43.1m Thinly bedded grey shale, 10 m thick 
29.1-33.1m Trough cross bedded sandstone, both small and large scale trough 
cross-bedding,  4m thick 
28.1-29.1m Medium to fine grained sandstone, moderately to moderately well 
sorted with herringbone cross-bedding (Plate-2.2E), 1m thick 
23.3-28.1m Reddish brown to whitish brown sandstones, medium to coarse 
grained, ferruginous soft and friable, planar cross-bedded sandstone, 
4.8m thick 
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Figure 2.1: Lithostratigraphic section measured from Kalajar Nala. 
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Figure 2.2: Lithostratigraphic section measured near Dhrang village. 
  
Lithostratigraphy 
22 
 
  
Lithostratigraphy 
23 
 
22.3-23.3m Shale, 1m thick 
17.5-22.3m Reddish brown to whitish brown sandstones, medium to coarse 
grained, ferruginous soft and friable, planar cross-bedded sandstone, 
4.8m thick 
16.5-17.5m Shale, 1m thick 
13.5-16.5m Reddish brown to whitish brown sandstones, medium to coarse 
grained, ferruginous soft and friable, planar cross-bedded sandstone, 
3m thick 
3.5-13.5m Reddish,  purple color thinly bedded ferruginous massive  sandstone, 
fossiliferous, 10m thick 
0.5-3.5m Flaggy yellowish calcareous sandstone with trough cross-bedding, 
thin bedded, soft and friable, bioturbated bed, 3m thick 
0-0.5m Matrix supported conglomerate consisting of pebbles of vein quartz, 
quartzite and fossils, contain few scattered belemnites, coral and 
bivalve fragment, 0.5m thick 
2.4 Rudramata Section 
 Lithostratigraphic section measured (Figure 2.4) in northwestern part of Habo 
Dome. It is entirely composed of gypsiferous shale with a thin bed of conglomerate at 
the base. The section has the following sequence: 
11-21m Reddish brown colored shale consists of abundant gypsum crystals of 
varying shapes, 10m thick 
1-11m Greenish yellow colored shale consists of abundant gypsum crystals of 
varying shapes, 10m thick 
0-1m Conglomerate, consists of well preserved fossils of bivalves, 
cephalopods and echinoids, 1m thick 
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PLATE-2.1 
A. Field photograph showing thick bedded black micritic limestone (Black 
Limestone Member, level I). 
B. Field photograph showing matrix supported conglomerate (Dhrang 
Member, level I). 
C. Field photograph showing interbedded limestone-shale (Dhrang Member, 
level I). 
D. Field photograph showing planar cross-bedding (Dhrang Member, level 
I). 
E. Field photograph showing trough cross-bedding (Dhrang Member, level 
I). 
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Figure 2.3: Lithostratigraphic section measured near Jhikadi village. 
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PLATE-2.2 
A. Field photograph showing laminations (Dhrang Member, level I). 
B. Field photograph showing ripple marks (Dhrang Member, level I). 
C. Field photograph showing fine grained sandstone-shale (Dhrang 
Member, level I). 
D. Field photograph showing oolitic limestone (Dhrang Member, level I). 
E. Field photograph showing herring-bone cross-bedding (Jhikadi Member, 
level I). 
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Figure 2.4: Lithostratigraphic section measured near Rudramata temple. 
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2.5 Lodai Section 
 Lodai Member is the youngest of the Chari Formation in Habo Dome. 
Lithostratigraphic section was measured (Figure 2.5) towards southwest of the village 
Lodai. It is composed of alternating shale and limestone and oolitic limestone bed at 
the top. The thickness is 31m. The section has the following sequence: 
21-31m  Oolitic limestone, containing rounded to subrounded silty to medium 
sand size quartz with feldspar grains, 10m thick  
18-21m Grey and green colored shale, contains bivalves and ammonoids, 3m 
thick 
16.5-18m Yellowish brown, hard and compact limestone, mud supported and 
grain supported and compositionally consists of pellets, intraclasts, 
oolites and fossils, 1.5m thick 
13.5-16.5m Grey and green colored shale, contains bivalves and ammonoids, 3m 
thick 
12-13.5m  Yellowish brown, hard and compact limestone, mud supported and 
grain supported and compositionally consists of pellets, intraclasts, 
oolites and fossils, 1.5m thick 
9.0-12m Grey and green colored shale, contains bivalves and ammonoids, 3m 
thick 
7.5-9.0m Yellowish brown, hard and compact limestone, mud supported and 
grain supported and compositionally consists of pellets, intraclasts, 
oolites and fossils, 1.5m thick. 
4.5-7.5m Grey  and green colored shale, contains bivalves and ammonoids, 3m 
thick 
3-4.5m Yellowish brown, hard and compact limestone, mud supported and 
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grain supported and compositionally consists of pellets, intraclasts, 
oolites and fossils.1.5m thick. 
0-3m Grey and green colored shale, contains bivalves and ammonoids, 3m 
thick 
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Figure 2.5: Lithostratigraphic section measured near Lodai village. 
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Chapter – III 
TEXTURE 
3.1 Introduction 
Texture deals with the size, shape and arrangement of the component minerals 
of a rock. Size analysis of sediments is an essential tool to understand their 
mechanism of transportation and deposition. Textural parameters are primarily related 
to nature of detritus shed from the provenance, mode and energy during 
transportation. Variations in the texture of the sediments in relation to their 
environments have been studied by various workers (Folk, 1954; Folk and Ward, 
1957; Mason and Folk, 1958; Friedman, 1961, 1962). Information on textural 
characteristics of the sandstones of the study area is meager because very few 
petrographic studies of the rocks have been published. Therefore, basic data on 
texture is generated which includes data on grain size, roundness and sphericity.    
 Size analysis of sediments is an essential tool to understand their mechanism 
of transportation and deposition. Moila and Weiser (1968) indicate that several 
combinations of grain size parameters are environmentally sensitive in very effective 
way in differentiating beach, river and dune sands. Grain size parameters and their 
relationship with depositional process in general have been reviewed by Folk (1966); 
Visher (1969) and Friedman (1979). These reviews are highly informative as they are 
based on a large volume of literature on grain size contributed by a large number of 
workers.   
 Roundness of grains is a function of distance of transportation, transporting 
agent and environment of deposition. Larger grains are better rounded than the 
smaller ones for the same distance of transportation. Various studies have established 
that roundness increases with distance of travel, rapidly in the beginning and slowly 
later on. The degree of roundness also increases with the duration of transportation or 
reworking as shown by beach and desert sands which are typically more rounded than 
river or glacial outwash sand. Roundness of detrital grains was estimated by Power’s 
(1953) method of comparison with two dimensional images of grains. The Power’s 
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scale of roundness has the advantage of having a geometric scale and suitable class 
limits.  
 Sphericity states quantitatively how nearly equal the three dimensions of an 
object are. The most commonly used method of determining the sphericity is through 
visual comparison. For the present study the comparison chart given by Krumbein and 
Sloss (1963) was used for classification of sandstones into three classes, high, 
medium and low sphericity.  
>0.9 High sphericity 
0.3-0.9 Medium sphericity 
0.0-0.3 Low sphericity 
3.2 Methods of Study and Data Presentation 
For textural analysis, twenty nine sandstone samples of Habo Dome were 
taken from two different locations. The samples being hard enough were studied in 
thin sections. In each thin section minimum 200-250 grains were counted with the 
help of a micrometer eye piece according to Chayes (1949) point counting technique. 
The grain size was tabulated in half phi clasess. The statistical parameters of grain 
size distribution were derived with the help of cumulative frequency curve plots. 
Cumulative frequency curves of grain size were plotted on log probability paper. The 
grain diameter in Phi units represented by Φ5, Φ16, Φ25, Φ50, Φ75, Φ84 and Φ95 
percentiles were read from the size frequency curves. These values were then 
converted to their sieve equivalents with the help of Friedman’s (1958) graph.  
3.3 Grain Size Parameters 
Various statistical parameters of grain size distribution like graphic mean (MZ), 
inclusive graphic standard deviation (σI), inclusive graphic skewness (SKI), and 
graphic kurtosis (KG) were computed using Folk’s formulae (1968, 1980). 
3.3.1 Graphic Mean Size (Mz):  
 Graphic mean size is a central tendency which indicates average size of the 
sediments. This is influenced by the source of supply, transporting medium, 
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environment and the kinetic energy of the depositional setting (Sahu, 1964). It has 
been calculated with the help of Folk’s (1968, 1980) formula:  
Mz = (Ф16 + Ф50 + Ф 84) / 3 
3.3.2 Inclusive Graphic Standard Deviation (σI):  
 It measures the average dispersion of distribution around mean or some other 
measure of central tendency. It indicates the difference in energy associated with the 
two modes of deposition. This parameter is given by the formula: 
σI = [(Ф 84 - Ф 16)] / 4 + [(Ф 95 - Ф 5)] / 6.6 
3.3.3 Inclusive Graphic Skewness (SKI):  
 It measures the degree of asymmetry of the frequency distribution and is 
determined by the relative importance of the tail of distribution. The skewness or 
asymmetry is also determined by the position of the mean with respect to median. The 
comprehensive formula is given below: 
SkI= {(Ф16+ Ф84-2 Ф50)/ 2(Ф84 - 16Ф)} + {(Ф5+ Ф95-2 Ф50)/ 2(Ф95-Ф5)} 
3.3.4 Inclusive Graphic Kurtosis (KG):  
 Inclusive Graphic kurtosis reflects the peakedness of the distribution and 
measures the ratio between sorting in the central portion. If the central portion is 
better sorted than the tail, the curve is said to be excessively peaked or leptokurtic. 
When tails are better sorted than the central portion, the curve is flat peaked and 
platykurtic. The graphic kurtosis is calculated with the help of the following formula: 
KG = (Ф95 – Ф5) / 2.44(Ф75 – Ф25) 
Skewness and Kurtosis were referred to as indicators of selective action of 
transporting agents by Krumbein and Pettijohn (1938). Folk and Ward (1957) 
suggested that sands deposited near the source are characteristically leptokurtic and 
positively skewed.  Mason and Folk (1958) made comparative textural studies of 
recent beach sands, dune and aeolian flat environments. These studies indicate that 
beach sands are normal or negatively skewed and leptokurtic, dune sands have 
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positive skewness and are mesokurtic, and aeolian flat sands are positively skewed 
and leptokurtic. Duane (1964) studied recent sediments in Western Pamlico Sound, 
North Carolina and found that: (i) the sign of skewness can be related to 
environmental energy and therefore to environment. Where winnowing is a dominant 
force (high energy), as in tidal inlets, the littoral zone and beaches, most of barrier 
Islands, the sediments are very dominantly negatively skewed, (ii) the areas where 
energy levels are low, are characterized by positive skewness, as in sheltered lagoon 
and dunes. Friedman (1961) showed that beach sand generally has negative skewness 
but both dune and river sands usually have positive skewness.  
3.4 Bivariant plot of Textural parameters 
 Bivariant plots are used to show the interrelationship of the various textural 
attributes of the sandstones of Habo Dome. Different textural parameters of sediments 
are plotted against each other and their relationship is determined statistically by 
computing their correlation-coefficient values, which throw light on type of 
transportation, sediment character and depositional environment. Different plots 
which are used include mean size versus standard deviation, mean size versus 
skewness, mean size versus roundness, mean size versus sphericity, roundness versus 
sorting and sphericity versus sorting.  
3.4.1 Dhrang Section 
The graphic mean size values of Dhrang sandstones ranges from 0.12Φ to 
0.87Φ, average being 0.60Φ indicating that all the samples are coarse grained (Table 
3.1). Inclusive graphic standard deviation values range from 0.04Ф–0.59Ф, average 
being 0.38, indicating overall well sorted sediments. Most of the sediments are well 
sorted followed by very well sorted. Inclusive graphic skewness values ranges from -
0.33-1.04, average being 0.14. Most of the sediments belong to the strongly fine 
skewed class. The graphic kurtosis values range from 0.63-1.64, average being 0.99, 
suggesting most of the samples are platykurtic followed by mesokurtic and very 
leptokurtic. The sandstones have grain roundness ranging from subangular to 
subrounded. In most of the samples, majority of the grains are subangular (36%) to 
subrounded (37%). The mean roundness of the individual samples ranges from 0.25 to 
0.41, average being 0.36 (Table 3.2). Majority of the studied grains show low 
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sphericity occupying 62% followed by medium sphericity occupying 26% while rest 
of the 12% is of high sphericity (Table 3.3). The mean sphericity values of the 
individual samples range from 0.33 to 0.43 and average being 0.36. 
3.4.2 Bivariant plots of textural parameters 
The mean size values of the Dhrang sandstones of Habo Dome are plotted 
against their sorting values and their correlation coefficient value is computed as 0.88 
which shows very good positive relationship between two parameters (Figure 3.1A). 
The mean size versus skewness plot gives a correlation coefficient value -0.10 (Figure 
3.1B). The mean size versus roundness plot gives a correlation coefficient value -0.08 
(Figure 3.1C). The mean size versus sphericity diagram has a correlation coefficient 
value 0.06 (Figure 3.1D). Plot of the roundness versus sorting gives a correlation 
coefficient value of -0.08 (Figure 3.1E). The plot of sphericity versus sorting has a 
correlation of 0.29 (Figure 3.1F).   
3.4.3 Interpretation  
The textural study of sixteen samples of Dhrang sandstones of Habo Dome 
shows that they are coarse grained, well sorted to very well sorted, fine skewed and 
platykurtic to mesokurtic. Majority of the grains shows low sphericity and are 
subangular to subrounded. Bivariant plots of different parameters indicate that mean 
size versus sorting has very good positive relationship while mean sphericity versus 
sorting shows moderate relationship and mean size versus skewness, mean size versus 
roundness, mean roundness versus sorting, mean size versus sphericity show poor 
relationship.  
3.4.4 Jhikadi Section 
The graphic mean size values of Jhikadi sandstones of Habo Dome range from 
1.18Φ to 1.88Φ, average being 1.32Φ indicating that all the samples are medium 
grained (Table 3.1). Inclusive graphic standard deviation values range from 0.10Ф-
0.78Ф, average being 0.21 indicating overall very well sorted sediments. Inclusive 
graphic skewness values range from -0.04-1.41, average being 0.17. Most of the 
sediments belong to the finely skewed class followed by near symmetrical class. The  
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DHRANG SANDSTONE 
 
(A) 
 
(B) 
 
 
(C) 
 
(D) 
 
 
(E) 
 
(F) 
 
Figure 3.1: Bivariant plots of (A) mean size versus standard deviation, (B) mean 
size versus skewness, (C) mean size versus mean roundness, (D) mean size versus 
mean sphericity, (E) mean roundness versus sorting and (F) mean sphericity 
versus sorting of Dhrang Sandstone, Habo Dome, Kachchh, Gujarat. 
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graphic kurtosis values range from 1.02-2.87, average being 1.63, suggesting 
most of the samples are very leptokurtic followed by leptokurtic. The samples of 
Jhikadi sandstones have grain roundness ranging from subangular (34%) to 
subrounded (33%). The mean roundness of the individual samples ranges from 0.30 to 
0.39, average being 0.33 (Table 3.2). The mean sphericity value varies between 0.32 
to 0.37, average being 0.31 (Table 3.3). Most of the studied samples show low 
sphericity occupying 71% followed by medium sphericity occupying 18% while the 
rest 11% is of high sphericity (Table 3.3).   
3.4.5 Bivariant plots of textural parameters 
  The mean size values of studied samples are plotted against their sorting 
values and their correlation coefficient value is computed as 0.98 (Figure 3.2A). The 
mean size versus skewness plot gives a correlation coefficient value of 0.91 (Figure 
3.2 B). The mean size versus roundness plot gives a correlation coefficient value 0.72 
(Figure 3.2C).The mean size versus sphericity diagram has a correlation coefficient 
value of -0.25 (Figure 3.2D). Plot of the roundness versus sorting gives a correlation 
coefficient value of 0.72 (Figure 3.2E). The plot of sphericity versus sorting has a 
correlation coefficient value of -0.15 (Figure 3.2F). 
3.4.6 Interpretation 
 The textural study of thirteen samples of Jhikadi sandstones shows that they 
are medium grained, very well sorted, finely skewed and very leptokurtic and 
leptokurtic. Majority of the sediments are subangular to subrounded and are of low 
sphericity. Bivariant plots of different parameters indicate that mean size versus 
sorting, mean size versus skewness, mean size versus roundness, roundness versus 
sorting show very good positive relationship while mean size versus sphericity shows 
moderate inverse relationship and sphericity versus sorting has poor relationship.  
3.5 Interpretation of Textural Analysis 
The mean size based statistical characteristics indicate fluctuations in the 
depositing media with medium to coarse sands deposited in moderate to high energy 
environment. Well sorted to very well sorted sediments are deposited under 
fluctuations of currents. The fine skewed character of the sands indicates distal part.  
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Table 3.1 Statistical parameters of grain size distribution of Habo Dome Sandstones, Kachchh, Gujarat. 
S.No. 
Inclusive Graphic Mean Size 
(Mz) 
Inclusive Graphic Standard 
Deviation (σ1) 
Inclusive Graphic Skewness 
(SK1) 
Graphic Kurtosis 
(KG) 
Mz Verbal Limit σ1 Verbal Limit SK1 Verbal Limit KG Verbal Limit 
DHRANG SANDSTONE 
Ds1 0.72 Coarse Grained 0.46 Well sorted 0.21 Fine skewed 0.85 Platy Kurtic 
Ds 2 0.75 Coarse Grained 0.37 Well sorted 0.30 Strongly fine skewed 0.98 Meso Kurtic 
Ds 3 0.82 Coarse Grained 0.50 Well sorted -0.06 Near symmetrical 0.82 Platy Kurtic 
Ds 4 0.77 Coarse Grained 0.44 Well  sorted -0.04 Near symmetrical 0.96 Meso Kurtic 
Ds 5 0.63 Coarse Grained 0.46 Well  sorted 0.47 Strongly fine skewed 1.15 Lepto Kurtic 
Ds 6 0.70 Coarse Grained 0.59 Moderately well sorted 1.04 Strongly fine skewed 0.97 Meso Kurtic 
Ds 7 0.62 Coarse Grained 0.35 Very well Sorted 0.05 Near symmetrical 0.78 Platy Kurtic 
Ds 8 0.40 Coarse Grained 0.26 Very well Sorted 0.14 Fine skewed 1.05 Meso Kurtic 
Ds 9 0.53 Coarse Grained 0.32 Very  well sorted 0.23 Fine skewed 1.57 Very Lepto Kurtic 
Ds 10 0.35 Coarse Grained 0.30 Very  well sorted 0.30 Strongly fine skewed 0.63 Very Platy Kurtic 
Ds 11 0.50 Coarse Grained 0.36 Well sorted 0.08 Near symmetrical 0.72 Platy Kurtic 
Ds 12 0.77 Coarse Grained 0.49 Well sorted -0.13 Coarse skewed 0.64 Very Platy Kurtic 
D18 0.73 Coarse Grained 0.36 Well Sorted -0.33 Strongly coarse skewed 0.94 Meso Kurtic 
D19 0.87 Coarse Grained 0.51 Moderately well Sorted -0.17 Coarse skewed 0.91 Meso Kurtic 
D20 0.35 Coarse Grained 0.21 Very well sorted 0.15 Fine skewed 1.64 Very Lepto Kurtic 
D8 0.12 Coarse Grained 0.04 Very well Sorted -0.01 Near symmetrical 1.23 Lepto Kurtic 
Avg. 0.60 Coarse Grained 0.38 Well sorted 0.14 Fine skewed 0.99 Meso Kurtic 
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JHIKADI SANDSTONE 
JFS3 1.18 Medium Grained 0.14 Very well sorted  0.04 Near symmetrical 1.36 Lepto Kurtic 
JFS4 1.23 Medium Grained 0.13 Very well sorted 0.09 Near symmetrical 2.46 Very lepto Kurtic 
JFS5 1.27 Medium Grained 0.15 Very well sorted 0.11 Fine skewed 1.36 Lepto Kurtic 
JD1 1.25 Medium Grained 0.16 Very well sorted 0.04 Near symmetrical 2.25 Very lepto Kurtic 
JD2 1.25 Medium Grained 0.16 Very well sorted 0.04 Near symmetrical 1.13 Lepto Kurtic 
JD3 1.20 Medium Grained 0.10 Very well sorted 0.01 Near symmetrical 1.64 Very lepto Kurtic 
JD4 1.32 Medium Grained 0.22 Very well sorted 0.24 Fine skewed 2.19 Very lepto Kurtic 
JD5 1.32 Medium Grained 0.15 Very well sorted 0.08 Near symmetrical 1.02 Mesokurtic 
JD6 1.25 Medium Grained 0.10 Very well sorted -0.01 Near symmetrical 2.87 Very lepto Kurtic 
JD7 1.27 Medium Grained 0.10 Very well sorted -0.04 Near symmetrical 1.23 Lepto Kurtic 
JD8 1.45 Medium Grained 0.27 Very well sorted -0.04 Near symmetrical 1.23 Lepto Kurtic 
JD9 1.88 Medium Grained 0.78 Moderately sorted 1.41 Strongly fine skewed 1.19 Lepto Kurtic 
JD10 1.32 Medium Grained 0.22 Very well sorted 0.24 Fine skewed 1.31 Lepto Kurtic 
Avg. 1.32 Medium Grained 0.21 Very well sorted 0.17 Fine skewed 1.63 Very lepto Kurtic 
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JHIKADI SANDSTONE 
 
(A) 
 
(B) 
 
(C) 
 
(D) 
 
(E) 
 
(F) 
Figure 3.2: Bivariant plots of (A) mean size versus standard deviation, (B) mean 
size versus skewness, (C) mean size versus mean roundness, (D) mean size versus 
mean sphericity, (E) mean roundness versus sorting and (F) mean sphericity 
versus sorting of Jhikadi Sandstone, Habo Dome, Kachchh, Gujarat. 
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Table 3.2: Roundness of detrital grains of Habo Dome Sandstones, Kachchh, 
Gujarat. 
S.No 
 
 
Total 
Grains 
 
Very 
Angular 
(0.12-0.17) 
Angular 
(0.17-0.25) 
Sub Angular 
(0.25-0.35) 
Sub 
Rounded 
(0.35-0.49) 
Rounded 
(0.49-0.70) 
Well 
Rounded 
(0.70-1.0) 
Mean 
Roundness 
N % N % N % N % N % N %  
DHRANG SANDSTONE 
Ds 1 61 6 10 13 21 12 20 20 33 8 13 2 3 0.37 
Ds 2 100 4 4 22 22 30 30 28 28 12 12 4 4 0.37 
Ds 3 70 6 9 10 14 34 49 18 26 2 3 0 0 0.33 
Ds 4 94 6 6 38 40 24 26 20 21 6 6 0 0 0.25 
Ds 5 67 2 3 14 21 22 33 28 42 1 1 0 0 0.34 
Ds 6 64 4 6 14 22 22 34 20 31 2 3 2 3 0.34 
Ds 7 92 8 9 17 18 38 41 28 30 1 1 0 0 0.32 
Ds 8 109 5 5 22 20 42 39 39 36 1 1 0 0 0.32 
Ds 9 91 1 1 14 15 38 42 38 42 0 0 0 0 0.35 
Ds 10 109 4 4 10 9 45 41 48 44 2 2 0 0 0.38 
Ds 11 93 8 9 4 4 34 37 42 45 5 5 0 0 0.40 
Ds 12 119 4 3 8 7 45 38 56 47 6 5 0 0 0.40 
D8 96 4 4 9 9 35 36 43 45 3 3 2 2 0.40 
D18 101 1 1 5 5 41 41 49 49 5 5 0 0 0.41 
D19 77 9 12 8 10 33 43 25 32 2 3 0 0 0.35 
D20 123 8 7 11 9 44 36 55 45 4 3 1 1 0.39 
Avg. 92 5 6 14 16 34 36 35 37 4 4 1 1 0.36 
JHIKADI SANDSTONE 
JFS3 140 15 11 27 19 46 33 48 34 4 3 0 0 0.32 
JFS4 119 7 6 25 21 38 32 41 34 8 7 0 0 0.34 
JFS5 191 12 6 33 17 73 38 62 32 10 5 1 1 0.35 
JD1 157 6 4 36 23 55 35 52 33 7 4 1 1 0.33 
JD2 148 19 13 29 20 59 40 37 25 4 3 0 0 0.30 
JD3 124 11 9 29 23 46 37 33 27 4 3 1 1 0.31 
JD4 104 7 7 21 20 31 30 36 35 9 9 0 0 0.35 
JD5 115 9 8 21 18 38 33 42 37 5 4 0 0 0.34 
JD6 187 25 13 36 19 64 34 51 27 11 6 0 0 0.32 
JD7 125 10 8 21 17 41 33 49 39 4 3 0 0 0.34 
JD8 145 11 8 35 24 51 35 40 28 5 3 3 2 0.32 
JD9 87 3 3 15 17 23 26 36 41 8 9 2 2 0.39 
JD10 145 6 4 28 19 55 38 44 30 9 6 3 2 0.35 
Avg. 137 11 8 27 20 48 34 44 33 7 5 1 1 0.33 
 
Texture 
48 
 
Table 3.3: Sphericity of detrital grains of Habo Dome Sandstones, Kachchh, 
Gujarat. 
 
S.No 
Total Grains 
Low (0.0 - 0.3) Medium (0.3 - 0.9) High (>0.9) Mean 
Sphericity N % N % N % 
DHRANG SANDSTONE 
Ds 1 54 36 67 11 20 7 13 0.35 
Ds 2 71 43 61 20 28 8 11 0.37 
Ds 3 59 40 68 12 20 7 12 0.34 
Ds 4 43 29 67 8 19 6 14 0.35 
Ds 5 66 38 58 18 27 10 15 0.39 
Ds 6 90 49 54 23 26 18 20 0.43 
Ds 7 94 53 56 35 37 6 6 0.37 
Ds 8 55 30 55 17 31 8 15 0.41 
Ds 9 62 41 66 16 26 5 6 0.33 
Ds 10 53 36 68 11 21 6 11 0.33 
Ds 11 82 48 59 22 27 12 15 0.39 
Ds 12 97 55 57 30 31 12 12 0.39 
D8 79 53 67 17 22 9 11 0.34 
D18 62 41 66 17 27 4 6 0.33 
D19 73 48 66 15 21 10 14 0.35 
D20 87 49 56 30 34 8 9 0.38 
Avg. 70 43 62 19 26 9 12 0.36 
JHIKADI SANDSTONE 
JFS3 140 90 64 28 20 22 16 0.37 
JFS4 111 79 71 25 23 7 6 0.30 
JFS5 105 68 65 26 25 11 10 0.35 
JD1 130 86 66 27 21 17 13 0.35 
JD2 75 55 73 13 17 7 9 0.30 
JD3 121 94 78 14 12 13 11 0.29 
JD4 71 50 70 11 15 10 14 0.33 
JD5 58 45 78 7 12 6 10 0.29 
JD6 73 56 77 10 14 7 10 0.29 
JD7 119 81 68 27 23 11 9 0.33 
JD8 102 74 73 17 17 11 11 0.31 
JD9 80 59 74 14 18 7 9 0.30 
JD10 93 66 71 19 20 8 9 0.31 
Avg. 98 69 71 18 18 11 11 0.32 
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 Most of the kurtosis values are mesokurtic to very leptokurtic indicating that 
the central portion was better sorted than the tails of the curves. The presence of 
subangular to subrounded grains indicates relatively short distance of transportation of 
the sediments. Bivariant plot of various parameters indicate that mean size versus 
sorting has high positive relationship indicating increase in grain size with increased 
sorting, which reflects fluctuating hydrodynamic condition during deposition. Mean 
size versus skewness has high positive and inverse relationship indicating fluctuation 
in energy condition of depositional medium. Mean size versus roundness has 
moderate positive and inverse relationship indicating decrease in roundness with 
increase in grain size. Mean size versus sphericity has poor positive and negative 
relationship, giving hint of decrease or increase in sphericity with increase or decrease 
in grain size. Roundness versus sorting has moderate positive and poor inverse 
relationship giving indication of increase/decrease in roundness with sorting. 
Sphericity versus sorting has poor positive and negative relationships giving hint of an 
increase/decrease of grain sphericity. 
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Chapter – IV 
FACIES ANALYSIS 
4.1 Introduction 
 Depositional environments and sedimentary facies have a major control over 
vertical and lateral variability of lithology. In the present study, the term facies has 
been employed in an interpretive sense following the reconstruction of ancient 
depositional processes and environments in different localities. The interpretation of 
facies is based on the study of their spatial relationship and internal characteristics 
(lithology and sedimentary structures etc) and comparing this information with 
knowledge gained from modern sedimentary environments and well studied 
stratigraphic units. Each lithofacies presents an individual depositional event through 
time and space. Different lithofacies association reflects different depositional 
environmental settings. Facies analysis involves the description and classification of a 
sedimentation unit followed by interpretation of depositional process and environment 
settings (Lindholm, 1987). A facies model is an interpretive device, which is erected 
by the geologists to explain observed facies associations (Miall, 1990). Although 
certain aspects of a few facies exhibit specific environmental information, yet a better 
approach is to study the vertical and lateral facies relationship to infer the specific 
depositional environments.  
 The present work reveals the result of the lithofacies and their correlation 
among the sections based on facies assemblages, to decipher sedimentary processes 
and depositional environment. For this purpose, various sedimentary signatures of the 
rocks were recorded from different sections. Most of the physical parameters such as 
bedding, nature of contacts between beds, sedimentary textures and related small 
scale structures as well as directional properties, such as cross-bedding were studied 
at different outcrops. In addition, lateral and vertical facies, as three dimensional 
geometry of depositional units, were also recorded. Five selected sections were 
measured and sampled bed by bed for facies investigation. The routine methods of 
section measurement and lithofacies recording were followed. The various lithofacies 
recorded during the field work of this investigation are discussed as follows:  
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A) Black micritic limestone facies  
B) Matrix supported conglomerate facies 
C) Tabular cross-bedded sandstone facies 
D) Trough cross-bedded sandstone facies 
E) Laminated sandstone facies 
F) Massive sandstone facies 
G) Ripple bedded sandstone facies 
H) Interbedded gypsiferous shale and sandstone / siltstone facies 
I) Interbedded limestone and shale facies 
J) Oolitic limestone facies 
K) Herring-bone cross-bedded sandstone facies 
4.2.1 Black Micritic Limestone Facies  
The black micritic limestone facies (Plate-2.1A) is 20m thick and well 
exposed in the scarp section facing the Kalajar nala, south of Dhrang village. This 
facies is the youngest member of the Patcham Formation and exposed only in Dhrang 
area. The lithology consists mainly of black to grayish black, hard, compact limestone 
with thin layer of shale, thick-bedded / massive in the lower part and thinly bedded in 
upper part. Although the base of limestone Member is not exposed in many places, it 
has been observed that it directly overlies a basic igneous dyke. This facies is 
prominently laminated and is in part highly bioturbated. Megafossils are rare and 
include Lopha, Modiolus and Bositra; microfossils are represented by foraminifera 
(Tewari, 1957; Bhalla and Abbas, 1978). Trace fossils reported include Chondrites, 
Thalassinoides, Lockeia, Sabularia, etc. (Patel et al., 2008). The allochemical 
constituents of the limestone facies include mainly pellets and a few superficial ooids 
set in a microsparitic matrix. 
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4.2.2 Matrix Supported Conglomerate Facies 
A number of narrow, laterally discontinuous conglomerate beds are 
encountered in Dhrang, Jhikadi and Rudramata sections of Chari Formation. The 
conglomerate units are lenticular in shape and composed of rounded to sub-rounded, 
moderately sorted to moderately well-sorted pebbles and cobbles (Plate-2.1B). The 
Jhikadi Member contains few scattered belemnites, corals and bivalve fragment. The 
Rudramata Member consists of conglomerate that contains well preserved bivalves, 
cephalopods and echinoids. The conglomerate beds are 0.5m thick in the Dhrang 
Member which coarsens upward. The clasts are polymictic consisting of vein quartz, 
pink, black and white quartzites and red jasper. The granule and pebble clasts range in 
size from 5 to 9 mm and occasionally 13 to 18 mm. Pebbles and cobbles are scattered 
within the conglomerate facies. The tabular-cross bedded conglomerates show 
erosional contacts with the intervening sandstone beds. 
4.2.3 Interbedded Limestone and Shale Facies 
 This facies displays alternating limestone and shale units in the Dhrang and 
Lodai members. The shales are grey and green, often splintery, brittle and micaceous 
in nature. The thickness of each shale unit varies from 1.2 to 3.0 m. Thin, red, nodular 
mudstone beds are common in the shales. The shale facies is thick and thin-bedded 
and contains bivalves and ammonoids (Plate-2.1C). The limestone unit thickness 
varies from 0.8 to 1.5 m and is yellowish brown, compact and laminated. The 
thickness of each calcareous unit increases gradually towards the top of the facies. 
Both the limestones and shales are highly fossiliferous. The fauna present in the Lodai 
and Dhrang members include ammonoids (Mayaitidae, Peltoceratoides, Perisphinctes 
including Alligaticeras) and bivalves (Pinna, Oxytoma, Eopecten, Neocrassina, 
Pleuromya) (Kanjilal, 1978). Texturally the allochems are mud-supported and grain-
supported. The allochems observed within this facies include peloids, intraclasts, 
ooids and bioclasts (brachiopods, algae, echinoderms, foraminifers and gastropods). 
4.2.4 Tabular Cross-Bedded Sandstone Facies 
This facies is well developed in Dhrang and Jhikadi members at one 
stratigraphic level. This facies is composed of, coarse medium-grained pebbly 
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sandstones, consisting of moderately- to well-sorted quartzarenite and subarkose. 
These sandstones are reddish brown to whitish brown thick and thin- bedded. Tabular 
cross-beds laterally grade into parallel laminated beds. Cross-beds occur both in 
cosets and in single sets (Plate-2.1 D). The cross-bedded sandstone units vary in 
thickness from 3 to 15 m. Small scale, low angle, tabular cross-bedded sandstones are 
also observed associated with this facies at one stratigraphic level in the Dhrang 
section. The bounding surfaces of the cross-beds are undulating. The foresets show 
bimodal paleocurrent pattern. The main mode is directed towards the SW whilst 
others show NE, SE and NW directions. Some tabular cross-stratified sandstone beds, 
superimposed on the trough cross-beds, were formed by subordinate syndepositional 
currents. Trace fossils are abundant and are mainly represented by Ophiomorpha and 
Gyrochorte (Patel et al., 2008). Large scale planar cross-bedding indicates high 
energy combined-flow conditions in a storm-influenced lower shoreface environment 
(Duke et al., 1991). The sandstone facies is highly bioturbated and a variety of 
burrows is present including Laevicyclus, Lockeia, Skolithos, Paleophycus, Planolites, 
Anchorichnus, Fucopsis, Chondrites, Cladichnus, Spongeliomorpha, Ophiomorpha, 
Thalassirodes, Parahaentschelinia, Rhizocorallium, Gyrochorte, Sabularia, 
Halymenidium, etc. (Patel et al., 2008). 
4.2.5 Trough Cross-bedded Sandstone Facies 
Both large and small scale trough cross-bedding is observed in the studied 
sandstones (Plate-2.1E). This sandstone unit is composed of 3to 8m erosive based, 
medium to coarse grained beds with pebble layers. Trace fossils reported from these 
beds include Ophiomorpha and Gyrochorte (Patel et al., 2008). The framework  grains 
are subangular to subrounded. This facies occurs in Dhrang and Jhikadi section at one 
and two stratigraphic levels respectively. The foresets show a bimodal paleocurrent 
pattern. The main mode is directed towards SW and others are NE, SE and NW 
directed. This facies also contains highly bioturbated ferruginous sandstone layers in 
places. These can be recognized from a distance due to their spotted and mottled 
nature. The spots consist of dark brown bioturbated spots within the light brown 
background. In places the framework grains are coated with ferruginous and micritic 
material. 
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4.2.6  Laminated Sandstone Facies 
This facies is characterized by planar stratified, moderately to moderately well 
sorted, coarse medium- and fine grained sandstones (Plate-2.2A). The upper and 
lower bounding surfaces within the beds of the facies are sharp. The framework grains 
are subangular to subrounded. Some of the beds show a combination of planar 
lamination and low angle cross-bedding with sharp contacts. The bed-sets with planar 
bedding are massive, planar-bedded to planar- laminated. Fragments of bivalves and 
ammonoids are found within this facies. These sandstones are texturally and 
compositionally mature. This facies occurs at one stratigraphic level the Dhrang and 
Jhikadi members. The thickness of the sandstone unit ranges from 3 to 4 m. 
4.2.7 Ripple Bedded Sandstone Facies  
Ripple-bedded sandstone facies occurs at one stratigraphic level in the Dhrang 
Member. This facies consist of reddish-brown to whitish-brown, medium- to coarse 
grained, moderately sorted to moderately well-sorted and thinly-laminated sandstones 
(Plate-2.2B). The beds are mostly evenly laminated. The bed contacts are sharp. Both 
symmetrical and asymmetrical ripples are observed. The crests of the ripples are 
straight to sinuous, sometimes rounded and flat. The sandstone unit is 4 m thick, 
comprising of planar-laminated beds and cross-beds. Long rounded-crested 
asymmetrical ripples and long-crested wave generated symmetrical ripples are 
present. The tops of rippled surfaces contain abundant bivalve shells (Trigonia, 
Astarte). The facies is highly bioturbated and contains of abundant unidentified trace 
fossils. 
4.2.8 Interbedded Gypsiferous Shale and Sandstone / Siltstone Facies 
The gypsiferous shale beds which are green, yellow, red and brown in color 
and contain abundant diagenetic gypsum crystals of varying shapes. The thickness of 
this shale unit varies from 1.5 to 10.0 m and represents the basal member of the Katrol 
Formation. The gypsiferous shale beds gradually pass into laminated siltstone and fine 
sandstone beds upsection. Fine sand to silt with small-scale wave ripples and 
bioturbation structures are present within this facies (Plate-2.2C). The shale beds 
exhibit an alternation of thin, red, concretionary hematite beds. Arenaceous material is 
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abundant in the upper part of the facies. This unit contains ammonoids, molluscs and 
brachiopods. This facies occur both in the Dhrang and Rudramata sections. 
4.2.9 Oolitic Limestone Facies   
The oolitic limestone facies is characterized by greenishgrey and brown, 
coarse- to medium-grained, thick to thinbedded, soft and friable to compact 
fossiliferous beds with straight to irregular bounding surfaces. This facies occurs at 
one stratigraphic level in the Lodai and Dhrang members. In the Dhrang section, it is 
represented by numerous beds. The lower beds are sandy, while the upper beds are 
oolitic (Plate-2.2D). These limestones are 8 to 10 m thick and are intercalated with 
shales. Other subfacies reported within this facies include a bioclastic facies, an ooid 
bearing calcareous sandstone facies and micritic or sparitic limestone facies. 
Texturally the rocks are sub-mature to immature, containing rounded to 
subrounded silt to medium sand-size quartz grains. The framework grains are coated 
with either ferruginous or calcareous material. The cement is mostly sparite but in 
some cases ferruginous patches have also been observed. The ooids enclose mainly 
ostracods and spores covered by micritic and ferruginous material. Belemnites are 
abundant whereas trace fossils are limited in the upper parts of the facies. The 
interbedded shale is buff and greenish, soft and weathered. 
4.2.10 Massive Sandstone Facies   
This facies is observed in the Jhikadi Member at one stratigraphic level and 
the thickness of the facies is 1 m. The sandstone is medium- to fine-grained, 
moderately sorted to moderately well-sorted and is mainly composed of quartzarenite. 
Internally the facies is composed of thick and thin sandstone beds which are 
occasionally laminated. Herringbone cross-beds are associated with an occasional 
tabular cross-bedding facies. 
4.2.11 Herringbone Cross-Bedded Sandstone Facies 
 This facies occurs in the Jhikadi Member at one stratigraphic level (Plate-
2.2E). The sandstone is generally coarse, medium- to fine-grained, moderately sorted 
to moderately well-sorted. The framework grains are subangular to subrounded. The 
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facies shows sharp contacts with the underlying and overlying facies. The lack of 
primary sedimentary structures can be ascribed generally to the reworking of 
sediments by biogenic disruption and to physical deformation such as rapid 
deposition. The facies contains a few scattered belemnites, brachiopods and bivalve 
shell fragments. The thickness of sandstone unit is 10 m. This facies is bioturbated 
and contains abundant trace fossils comprising Laevicyclus, Fucopsis, 
Spongeliomorpha, Ophiomorpha, Rhizocorallium, Halymenidium. 
4.3 Facies Associations 
In the sections studied we observed three distinct facies associations whose 
salient features are briefly described here: 
4.3.1 Facies Association-I (Tidally Influence Fluvial Facies) 
This lithofacies association comprises matrix-supported conglomerate, tabular 
and trough cross-bedded sandstones, and herring–bone cross-bedded sandstones. The 
average size of the clasts of conglomerate facies is 1 to 2 cm. The clasts are poorly 
sorted, unstratified, disoriented and are stacked in thick and thin beds. The facies 
assemblage is dominated by medium to fine grained, compact, tabular and trough 
cross-bedded sandstones laterally continous and upward finingwith erosional basal 
surfaces.  
 The matrix-supported beds of the conglomerate facies have been interpreted as 
debris flow deposits (Khalifa et al., 2006). They occur in the Dhrang, Jhikadi and 
Rudramata members. The companion trough cross-beds are a product of mega ripple 
migration in the active channels during prolonged high water stand whilst the tabular 
cross-beds are formed by lateral accretion of transverse bars. The associated herring-
bone cross-bedded sandstone facies clearly indicates tidal influence with in the 
channel environment. 
 This evidence suggests that facies association I can be attributed to tidally 
influenced fluvial channel environment. The fining and thinning upward facies 
successions are bounded by sharp, often erosional bases attesting to their deposition 
during decreasing flow energy, typical of channel fills (Bose et al, 2001; Chakraborty 
and Bhattacharya, 1996). The matrix-supported conglomerate records episodes of 
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highest energy while the trough cross-bedding facies was formed by migration of 
small to medium-scale bed-forms within channels. Moderate to poor sorting coupled 
with very coarse sand to gravel size sediments are the features which suggest tidal 
influence in the fluvial channel deposition. Bipolar cross-beds coupled with the 
reactivation surfaces are suggestive of some degree of tidal reworking. Erosive bases 
and fining / thinning upwards trends indicate deposition within channels. Possible 
interpretation is that a fluvial system was flooded during the transgression to form an  
estuarine-setting. The presence of herring-bone cross-beds reflects bed load 
deposition by reversing, tidal currents of equal bed shear intensity and bottom current 
velocities. Flow direction reversals are generally bipolar. The occurrence of herring-
bone crossbeds in the measured sections probably records relatively weak tide 
(Chakraborty and Bhattacharya, 1996).  
4.3.2  Facies Association-II (Fore Shore-Offshore Facies) 
This facies association contains the ripple bedded sandstone facies, tabular and 
trough cross-bedded sandstone facies, massive sandstone facies, laminated sandstone 
facies and oolitic limestone facies. Asymmetrical ripples are either the manifestation 
of moderately deep offshore water or of much shallower water within the range of 
backshore-shoreface environment. Symmetrical ripple marks with rounded crests 
reflects planning-off during tidal reversal. Reineck and Singh (1986) reported 
symmetrical wave ripples on 4m deep water of the offshore region, and asymmetrical 
wave ripples from 0 to 2 m deep water of backshore-shoreface Zone of Gulf of Gaeta, 
Italy. The tabular cross-bedded sandstones indicate high energy combined–flow 
condition in a lower shoreface environment (Arnott, 1993). Small scale tabular cross-
bedding represent deposition in tidal sand sheet bars in upper shore surface. High 
angle trough cross-bedded sandstones oriented in the current direction flowing along 
shore are the product of upper shoreface deposition by longshore currents. The 
massive bedded sandstone facies reflects deposition within the middle shoreface 
environment (Galloway and Hobday, 1983). The parallel laminated sandstone 
represents offshore transport of sand during storms on the shoreface (Brenchley et al., 
1993; Allen and Leather, 2006). Evenly laminated sandstones are produced by heavy 
storms, which erode sand from upper part of the beach and transfer it into the 
turbulent water.  
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Sedimentary structures like cross-bedding, wavy bedding (Araby and Motilib, 
1999) and herringbone cross-bedding suggest that the associated ooids and / or 
bioclasts formed on tidally dominated high energy bars and were locally washed into 
quit water lagoon (Tewari, 1994). Ooids formed the major component of the bar to 
bank system and with corresponding maxima of their frequency and clasticity in the 
higher energy seaward area subject to high tide currents. Sparry calcite cement 
dominated the oolitic bars and banks. The concentration of brachiopods and ooids in 
the oolitic bar to bank system indicates their deposition under high energy conditions, 
which were partially dispersed and pushed seaward by currents and tides.   
The oolitic limestone facies comprises grain supported and pressure welded 
ooid bearing calcarenite with sparry calcite cement and micrite. The framework 
constituents include ooids, bioclasts, intraclasts and pellets. Siliciclastic admixture is 
present in most of the cases. The ooids commonly range from 0.3 to 0.6 mm in 
diameter  and contain angular to subangular quartz grains as  nuclei. Some ooids are 
pressure welded with spalled of outer cortical layers. Some ooids show evidence of 
reworking such as breakage, abrasion and truncation. The common size of fossil 
fragment ranges from 0.5 to 1.8 mm and these include mostly brachiopod, bivalves, 
echinoids and algae fragments. These fossils are coated with a non-ferruginous 
coating. 
4.3.2  Facies Association-III (Tidal Flat Lagoonal Facies) 
This facies association contains the black micritic limestone facies, 
interbedded gypsiferous shale and sandstone/siltstone facies, interbedded limestone 
and shale facies and thin lenses of fine grained sandstone characterised by plane- to 
wavy- lamination with ripple marks. The black limestone consists predominantly of 
carbonate mudstone (burrowed) with rare to common interbeds of peloids, bioclastic 
wackestone-packstone facies. The framework constituents of the limestone facies 
consists of peloids, and superficial ooid set in fine grained calcite cement. This facies 
association characterizes a relatively low energy condition of the depositional 
environment below wave base. Thin lenses of fine grained sandstone,  interlayered 
with siltstone shows wavy lamination, symmetrical and asymmetrical ripples  
indicating both tidal traction currents and wave processes. This interlaminated 
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siltstone and sandstone may represent a response to tidal processes, possibly related to 
seasonally controlled fluctuations of sediment supply. Color banding in shale-siltstone 
may also indicate seasonal change in chemistry at the sediment/ water interface. 
Gypsiferous shale indicates that these sediments were deposited in a quite water, 
protected, lagoonal environment, with low wave and current energy (Patel et al ., 
2008). Presence of wave ripples is characteristic of deposition in shoreface conditions 
under more or less continuous influence of waves. Lack of other sedimentary 
structures and fine grained nature of sediments indicate that the facies represent low 
energy, offshore environment below storm wave base (Fürsich and Pandey, 2003). 
The present study suggests that the sediments were deposited by suspension activity 
in shallow, quit water with the periodic influx of the tidal currents and waves, similar 
to the facies assemblage of the shallow lagoon and tidal flats (Elliot, 1978; Reineck 
and Singh, 1986; Hobday and Horne, 1997). The fine clastic assemblage is overall 
characteristics of an active shore parallel lagoon and related depositional systems. 
These related systems are mixed tidal flats, tidal creeks and washover fans that are 
located behind protective barrier islands (Elliot, 1978).    
4.4 Depositional Model 
 The Early Mesozoic transgression and the Late Mesozoic regression are 
believed to have generated two megacycles which register two major tectonic phases 
in the Mesozoic Kachchh Basin; one is early rift phase and another is termination of 
early phase by failing of rifting processes (Biswas, 1982). The Jurassic sedimentation 
in the Kachchh Basin corresponds to this early rift and represents a transgressive 
succession punctuated by small cycles of transgression and regression (Osman and 
Mahender, 1997). The carbonates and mixed carbonate-siliciclastic sediments of the 
Chari Formation are interpreted as representing storm-dominated shallow shelf 
deposits. These shallow shelf deposits pass upwards into fine grained siliciclastic 
rocks of the mid-shelf characterized by several transgressive –regressive events. 
 Two main depositional environments, i.e. tidal flat and wave-and storm-
dominated shoreface are suggested for the basal part of the Chari Formation. The 
evidence suggests tidal estuary and tidal flat sub-environments for facies association I. 
The matrix supported conglomerate and medium to coarse grained, thick to thin 
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bedded/laminated, soft and friable to compact, cross-bedded sandstone facies with 
trace fossils is interpreted as low energy marine deposition during a stand-still period 
with low sediment supply within the transgressive phase. This interpretation is 
supported by the presence of fine grained ferruginous oolitic bands and well preserved 
marine fauna (ammonites) together with bioturbation of the sediments. Deposition of 
the oolitic facies probably took place in relatively agitated offshore settings, below 
fair weather wave base. The thick sequence of cross-bedded sandstone facies 
represents a subtidal bar environment. The forset cross-bedding and various 
reactivation surfaces are suggestive of deposition by tidal currents and may also result 
from migration of subtidal bars under the influence of tidal currents. The occurrence 
of massive sandstone above sharp to erosional surfaces suggests deposition during 
transgressive episodes. Gypsiferous grey shale with well developed gypsum crystals 
suggests that the sediments were deposited in quite water, protected, lagoonal 
environment with low wave and current energy (Patel et al., 2008). The fine clastic 
assemblage was deposited in tidal flats. Oolites form a considerable component of this 
bioclastic bar system with corresponding maxima of their frequency and clasticity in 
the high energy frontal area with currents rising up the lower ramp. Erosional and 
aggregate intraclasts formed in the upper and lower shoreface. In the present case, the 
occurrence of relatively thick bioclast dominated and coarse grained grainstone 
interpreted as being deposited by waning currents associated with storm 
sedimentation. The homogenous, fine grained interbeds are interpreted as the result of 
intervening fair-weather sedimentation (Figure 4.1).    
During the Early to Middle Jurassic transgression the following facies of the 
Dhrang Member were deposited: black limestone facies and conglomerate facies, 
planar and trough cross-bedded facies, laminated sandstone facies, ripple bedded 
facies, interbedded gypsiferous shale and sandstone/siltstone facies, interbedded 
limestone-shale facies. The overlying sandstones of the Jhikadi Member represent 
shoreline regressive sands(conglomerate facies, planar, trough and herringbone cross-
bedded sandstone facies, massive sandstone facies and laminated sandstone facies). 
The subsequent transgression in Late Callovian-Oxfordian resulted in the deposition 
of the top Rudramata and Lodai members (oolitic limestone facies, conglomerate 
facies and interbedded gypsiferous shale and sandstone/siltstone facies). 
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 In general the sediments of the Chari Formation were transported by mass 
flows, unchannelized flows, channelized flows and settling from suspension. Mass 
flow is demonstrated by the presence of matrix supported conglomerate (debris flow) 
deposits with the frequent presence of large size clasts, and fining upward sediments. 
Unchannelized flows are responsible for deposition of a more or less 
rhythmic/alternate succession of high and low energy facies such as alternate beds of 
coarse grained/ medium to fine grained sandstones, thick bedded /thin bedded 
sandstones, interbedded sequence of shale-sandstone, etc. Channelized flows result in 
large scale bidirectional, large scale cross-beds, parallel laminations and ripple marks, 
etc. Settling from suspension represents deposition of shale. 
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Figure 4.1: Depositional model of Chari Formation, Habo Dome, Kachchh, 
Gujarat. 
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Chapter – V 
DETRITAL MINERALOGY 
5.1 Introduction 
The detrital mineralogy of the sandstones of the study area has been studied 
for the purpose of their petrographic classification and for the interpretation of their 
provenance and depositional history. Much work has been done on sandstone 
classification during the last four decades, and the important contributions have been 
summarized by Klein (1970), Folk (1968, 1980), Okada (1971) and Dickinson (1985, 
1988). Minerals may be destroyed or altered by weathering or during transportation 
en-route to the sedimentation site or by diagenesis. Studies have revealed that 
sandstone mineralogy is influenced by tectonic setting (Dickinson and Suczek, 1979; 
Ingersoll and Suczek, 1979; Dickinson, 1985; Valloni, 1985), transport mechanism 
(Luchhi, 1985; Velbel, 1985), effect of climate (Suttner, 1974; Mack, 1984; Basu, 
1985; Suttner and Dutta, 1986; Akhtar and Ahmad, 1991) and diagenetic modification 
(McBride, 1985; Akhtar et al., 1992; Ahmad et al., 2004; Ahmad and Bhat, 2006; 
Ahmad et al., 2008;  Bhat and Ahmad, 2013). 
5.2 Methods of Study 
In the present study detrital mineral composition of sandstones was studied 
both qualitatively and quantitatively in 42 thin sections. In order to reconstruct the 
original detrital composition of the sandstones, the effect of diagenesis was taken into 
consideration as much as possible, during counting. For quantitative analysis about 
150-200 points per thin section were counted for determining the modal composition 
of rocks under investigation. Terminology of Krynine (1940) and Folk (1980) was 
adopted for describing several varieties of quartz and other framework constituents. 
Heavy minerals were separated by Milner (1962) method. Authigenic components 
(cement, matrix replacement constituents) and pore spaces were counted separately.  
5.3 Detrital Mineral Composition 
The detrital content of the studied sandstones is mainly composed of several 
varieties of  quartz followed by feldspars, micas, rock fragments and heavy minerals 
(Table 5.1).  
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Table 5.1: Percentages of detrital minerals of the Habo Dome Sandstones, 
Kachchh, Gujarat. 
S.No. 
Monocrystalline 
Quartz 
Polycrystalline 
Quartz 
M
ic
a
 
C
h
er
t 
Feldspar 
R
o
ck
 F
ra
g
m
en
ts
 
H
ea
v
ie
s 
C
o
m
m
o
n
 
Q
u
a
rt
z
 
R
ec
ry
st
a
ll
iz
ed
 
M
et
a
m
o
rp
h
ic
 
Q
u
a
rt
z
 
S
tr
et
ch
ed
 
M
et
a
m
o
rp
h
ic
 
Q
u
a
rt
z
 
M
ic
ro
cl
in
e
 
 
P
la
g
io
cl
a
se
 
 
DHRANG SANDSTONE 
D6 86 3 2 2 1 2 2 1 1 
D8 86 4 2 1 0 2 3 0 2 
D18 89 2 1 2 0 0 4 1 1 
D19 87 3 2 0 0 5 2 1 0 
D20 86 4 2 1 1 2 1 0 1 
D25 88 2 3 1 1 1 2 1 1 
D29 84 4 4 1 1 0 2 0 0 
DS 1 85 1 7 0 1 2 2 0 2 
DS 2 82 4 5 2 1 4 0 2 0 
DS 3 86 2 9 0 0 1 2 0 0 
DS 4 75 5 11 0 3 0 3 2 1 
DS5 84 0 10 0 1 4 1 0 0 
DS6 75 7 9 0 2 2 2 2 1 
DS7 84 1 11 0 0 2 2 0 0 
DS8 88 1 5 0 0 3 2 1 0 
DS9 85 2 0 4 0 5 2 0 2 
DS10 88 0 7 0 0 3 1 1 0 
DS11 82 4 4 1 1 4 3 1 0 
DS12 84 3 9 0 0 1 2 0 1 
Avg. 84 3 5 1 1 2 2 1 1 
JHIKADI SANDSTONE 
J1 90 1 1 2 0 5 1 0 0 
J6 87 1 1 3 2 3 2 0 1 
J7 93 0 1 4 0 2 0 0 0 
J12 77 4 5 4 2 4 3 0 1 
J13 77 4 4 3 2 5 3 0 2 
JF1 89 0 0 1 1 3 5 0 1 
JF2 89 0 0 3 1 5 2 0 0 
JF3 88 1 1 2 0 4 4 0 0 
JF4 88 0 2 2 0 4 2 0 2 
JF5 90 0 0 0 1 6 3 0 0 
JFS3 84 0 0 0 2 3 4 5 2 
JFS4 84 2 1 2 2 3 5 1 0 
JFS5 81 1 1 1 2 4 6 4 0 
JD1 79 0 3 3 2 5 6 1 1 
JD2 74 3 1 2 1 9 8 2 0 
JD3 81 4 2 3 1 5 4 0 0 
JD4 82 2 4 2 0 5 4 1 0 
JD5 81 1 2 2 1 6 6 0 1 
JD6 81 1 2 4 1 6 5 0 0 
JD7 83 1 2 2 1 5 6 0 0 
JD8 82 1 2 2 1 5 4 2 1 
JD9 72 0 13 2 1 7 5 0 0 
JD10 82 2 2 2 0 5 6 1 0 
Avg. 83 1 2 2 1 5 4 1 1 
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5.3.1 Quartz 
 Detrital quartz is the predominant mineral constituent of the Habo Dome 
Sandstones forming an average 92% in Dhrang Sandstone and 86% in Jhikadi 
Sandstone. Quartz types, recognized on the basis of Folk’s (1968, 1980) classification 
include common quartz, recrystallized metamorphic quartz and stretched 
metamorphic quartz. Nearly four fifth of the total detrital quartz belongs to common 
(Plutonic) quartz variety. The remaining detrital grains of quartz belong to 
recrystallized metamorphic and stretched metamorphic quartz. Common quartz is 
present as monocrystalline grains which usually present clear appearance having few 
inclusions of tourmaline, mica, rutile and opaques. Common quartz grains show 
straight to slightly undulose extinction. Common quartz makes up 84% in Dhrang 
Sandstone and 83% in Jhikadi Sandstone and recrystallized metamorphic quartz 
constitutes 3% in Dhrang Sandstone and 1% in Jhikadi Sandstone of their respective 
framework constituents. Recrystallized metamorphic quartz occurs in the form of 
polycrystalline grains in which the sub-individual grains are equidimensional with 
straight contacts. This type of quartz shows straight to highly undulose extinction. 
Stretched metamorphic quartz constitutes average 5% in Dhrang Sandstone and 2% in 
Jhikadi Sandstone. Stretched metamorphic quartz occurs in the form of elongated 
polycrystalline grains. Each grain contains sub-indivisuals with sutured or crenulated 
boundaries (Plate-5.1A). The sub-individuals show straight to highly undulose 
extinction.  
5.3.2 Feldspar 
 Feldspar grains are next in abundance after quartz, averaging about 4% in 
Dhrang Sandstone and 9% in Jhikadi Sandstone of the total detrital constituents. Two 
varieties of feldspar have been recognized which include microcline and plagioclase. 
Both altered and fresh feldspar varieties are common. Alteration and leaching of 
feldspar grains is observed along the cleavage plains and grain boundaries (Plate- 
5.1B).  
5.3.3 Mica 
 Both muscovite and biotite occur as tiny to large elongated flakes with frayed 
ends. The average percentage of mica in Dhrang Sandstone is 1% and 2% in Jhikadi  
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PLATE-5.1 
A. Photomicrograph showing stretched metamorphic quartz grain. 
B. Photomicrograph showing feldspar grain. 
C.  Photomicrograph showing muscovite grain. 
D. Photomicrograph showing chert grain. 
E. Photomicrograph showing zircon grain. 
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Sandstone. Biotite grains belong to two varieties and are brown and green colored. 
Detrital mica grains were recognized both by their relatively large size and definite 
detrital boundaries. Mica grains usually show the effect of compaction and alteration 
(Plate- 5.1C). 
5.3.4 Rock Fragments   
 Rock fragments average 1% each in Dhrang and Jhikadi sandstones. Rock 
fragments observed in these sandstones include chert, phyllite and schist. Chert grains 
are represented by clear, cloudy and altered varieties (Plate- 5.1D).  
5.3.5 Heavy Minerals 
 Heavy minerals are scarce in Kachchh Basin sandstones. The varieties of 
heavy minerals present in the Habo Dome Sandstones include opaques, tourmaline, 
biotite, garnet, staurolite, rutile, epidote and hornblende.  
 Opaques occur mostly as subrounded to rounded grains, however some as 
elongated, euhedral and irregular grains. Three varieties of opaques viz. limonite, 
goethite, and  magnetite are recorded. The opaque minerals are usually associated and 
interlocked with other opaques and transparent minerals. Opaques are also present as 
inclusions within transparent minerals. Greenish yellow variety of tourmaline is 
dominant while green and pink varieties are rare. Pleochroism is an important and 
most distinguishing feature of tourmaline. It occurs as prismatic, subangular to 
subrounded grains. Garnet is identified by its isotropic nature but some grains do not 
show complete isotropism due to inclusion of opaque and zircon minerals. Pink and 
dark pink varieties are more dominant. Few colorless varieties are also found. Garnet 
is equidimensional with surface showing conchoidal fractures. Fractures and 
overgrowths are also observed in few grains. Zircon grains are colorless and brown in 
ordinary light and generally exhibit euhedral crystal outline. They are identified by 
their high refractive index, straight extinction and high order of polarization color. 
They are usually rounded to subrounded, however, prismatic, angular to subangular 
shapes are also observed (Plate-5.1E). Inclusion and concentric type zoning are 
common features. The grains of staurolite are identified by their characteristic color, 
pleochroism and straight extinction. The grains are angular to sub angular, with sub-
conchoidal fractures. Rutile occurs as elongated, subrounded grains having deep red 
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and orange color, dark boundaries, very high refractive index and weak pleochroism. 
Epidote grains are pale green in color, weakly pleochroic and subrounded in shape. 
They are identified by their color, pleochroism and straight extinction. Hornblende is 
characterized by its prismatic shape, two set of cleavage and pleochroism with 
extinction angle varying from 17° to 20°.     
5.4 Classification of Habo Dome Sandstone 
For classifying the studied sandstone according to Folk’s (1980) scheme, all 
essential constituents were recalculated to 100 percent ignoring the percentages of 
clay matrix, cement, all chemically precipitated cements, bioclasts, peloids, ooids, 
heavy minerals and micas. The essential constituents were allotted to one of the three 
end members: 
Q- All types of quartz including metaquartzite. 
F- All single feldspar grains plus granite and gneiss fragments. 
R- All other rock fragments (chert, slate, phyllite, schist, volcanic, limestone, 
sandstone, shale). 
All the samples of the studied sandstones are plotted near the Q-pole, 
dominantly in the quartzarenite and subarkose followed by arkose and lithicarkose 
fields (Figure 5.1). 
5.5 Factors Controlling Detrital Mineralogy 
Detrital mineralogy does not depend only on a single factor but a group of 
factors are responsible for detrital composition of a sandstone which include 
paleoclimate, source rock composition, distance of transport and diagenetic 
modification of original constituents. 
5.5.1 Paleoclimate 
Although the composition and association of source rocks are controlled by 
plate tectonics and structural evolution of the area, the process of weathering, 
production and composition of detritus are determined primarily by climate (Basu, 
1985; Suttner and Dutta, 1986; Akhtar and Ahmad, 1991). Bivariant log/log plot of  
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Figure 5.1: Classification of the Habo Dome Sandstones, according to (Folk, 
1980). 
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the ratio of polycrystalline quartz to feldspar plus rock fragments (Suttner and Dutta, 
1986) has been used for interpreting the paleoclimate of the Habo Dome Sandstones. 
This diagram indicates a humid climate for the region (Figure 5.2). The paleoclimate 
simulation for Jurassic and Cretaceous time shows that India as a part of 
Gondwanaland experienced humid to tropical climate (Thompson and Barron, 1981; 
Chatterjee and Hotton, 1986; Chandler et al., 1992). The precipitation of huge 
carbonate during Jurassic is also supportive of the fact that the area was witnessing 
warm climate similar to that found in tropics. A combination of low relief, hot humid 
climate and ample vegetation can produce quartz rich detritus (Franzinelli and Potter, 
1983). Low relief provides prolonged residence time of sediments, thereby increasing 
the duration of chemical weathering and thus enriching the sediments in stable quartz. 
The mineralogical data plotted on Weltje et al., (1998) diagram and fall in the field 
number 1 which points to the sedimentation in a moderate relief and temperate sub- 
humid condition (Figure 5.3). Overall, the study suggests that such strong chemical 
weathering condition is in conformity with worldwide humid and warm climate 
during the Jurassic period (Thomson and Barron, 1981). Thus, the role of climate in 
the production of compositionally mature quartz rich sandstones of Habo Dome has 
been significant.  
5.5.2 Source Rock Composition 
The suite of heavy minerals present in the studied sandstones including biotite, 
tourmaline, apatite and zircon indicate an acid igneous source for these sandstones. 
The dominant alkali feldspar encountered in this study is microcline, which indicates 
a granite and pegmatite source. On the other hand presence of heavy minerals like 
garnet and staurolite reflects a metamorphic source. But the occurrence of various 
shades of garnet indicates different source rocks from acid igneous to metamorphic. 
The combination of heavy minerals, comprising rounded grains of tourmaline, rutile 
and zircon is indicative of the reworked source for these sandstones. Thus the 
heterogeneity of heavy mineral suites in the Habo Dome Sandstones reflects their 
source in the mixed provenance. The most likely region of these source rocks may be 
eroded and weathered parts of the present day Aravalli Range lying east and northeast 
of the basin and Nagarparkar massif situated to the north and northwest. (Dubey and 
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Chatterjee, 1997) also proposed similar sources for the Jurassic sandstones of 
Kachchh Basin. 
5.5.3 Distance of Transport 
The detrital grains of the Habo Dome Sandstone are in the sand size range and 
in all probability they have undergone transportation for a distance of a few hundred 
kilometers. The studied sandstones contain small amount of feldspar and rock 
fragments and one possible reason for this deficiency may be the transportation of 
sediments by high gradient streams and rapid destruction of feldspar by abrasion. 
Since deposition of Habo Dome Sandstone took place in a tectonically active rift, 
presence of high gradient stream is quite likely within the basin. Therefore, any other 
factor rather than transportation was responsible for the paucity of feldspar in the 
Habo Dome Sandstones. 
5.5.4 Diagenetic Modification 
The depositional composition of sands may be altered by diagenetic processes 
which must be taken into consideration while making provenance interpretation 
(McBride, 1985). The diagenetic modifications include loss of detrital framework 
grains by dissolution, alteration of grains by replacements or recrystallization and loss 
of identity of certain ductile grains during compaction which give rise to 
pseudomatrix. The presence of highly weathered feldspar grains as well as over size 
pores indicates dissolution of detrital grains in the Habo Dome Sandstones. The 
process of replacement is effective in modifying the detrital composition of 
sandstones. The replacement of quartz grains by carbonate and iron oxide in the 
studied sandstones suggests modification of the composition of the sandstones. The 
study of grain contacts of the sandstones indicates that the sandstones were subjected 
to compaction during burial and their original texture and fabric were slightly 
modified by the processes of compaction.  
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Figure 5.2: Bivariant log/log plot of the ratio of Qp/F+R against Qt/F+R for the  
Habo Dome Sandstones, according to Suttner and Dutta (1986). 
 
 
 Physiography (relief) 
Semi –quantitative High Moderate Low 
Weathering index (Mountain) (Hill) (Plains) 
 0 1 2 
Climate 
(Precipitation) 
(Semi) Arid and Mediterranian  0 0 0 0 
Temperate subhumid                   1 0 1 2 
Tropical humid   2 0 2 4 
 
Figure 5.3: Log ratio plot after Weltje et al., (1998). Q=Quartz, F=Feldspar, 
RF=Rock fragements. Fields 1-4 refer to the semi–quantitative weathering 
indices defined on the basis of relief and climate as indicated in the table 
(respectively). 
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Chapter – VI 
PETROFACIES AND TECTONO-PROVENANCE 
6.1 Introduction 
Clastic sediments are made up of two types of material; detrital grains which 
are the residues of weathered parent and fine grained sediments which are composed 
of clay minerals from weathered unstable minerals. Final properties of the sediments, 
therefore essentially bear the signature of the parent lithology along with the entire 
process of modification that the sediments had gone through. Fine grained sediments 
undergo mechanical/ chemical modification and decompose into individual mineral 
grains. Therefore they often fail to give the information about pre-modification 
processes.       
Detrital modes of sandstones, interpreted in relation to plate-tectonic setting, 
have led to the recognition and description of ‘petrofacies’ in the sedimentary 
sequence. The petrofacies are those facies which can be distinguish by their distinct 
composition and appearances. This has extensively been used in the studies pertaining 
to sandstone petrography and were found useful in diagnosing the tectonic heritance 
and provenance evolution (Dickinson and Rich, 1972). Various studies on petrofacies 
of sandstone suites and their collation and composition to their provenance with 
tectonic setting has been established with the help of modal ternary diagrams. 
Dickinson and Suczek (1979) were first to give ternary diagram using quartz, feldspar 
and lithic fragments. Petrofacies analysis can furnish vital clues regarding the 
provenance and its tectonic setup, source rock composition, role of climate, relief, 
transport and diagenesis (Dorsey, 1988; Critelli and Ingersoll, 1994; Pandita, 1996). 
In turn these clues can be applied to interpret correctly the tectono-sedimentary cover 
(Schwab, 1981; Dickinson et al., 1983; Mack, 1984; Graham et al., 1993; Cox and 
Lowe, 1995). 
 Since recent past several authors (Dickinson and Suczek, 1979; Ingersoll and 
Suczek, 1979; Dickinson and Vollani, 1980; Vollani and Mezzardri, 1984; Dickinson, 
1985; Ingersoll, 1990; Bhatia and Crook, 1986; Akhtar and Ahmad, 1991; Cox and 
Lowe, 1995; Ahmad and Bhat, 2006; Banarjee and Banerjee, 2010; Roohi and 
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Ahmad, 2013) have demonstrated a close correlation between composition of 
sandstones and plate-tectonic settings. But, sometimes correlation between tectonic 
setting and sandstone petrofacies does not hold well due to other factors that influence 
the detrital mineralogy of sandstone. These must be taken into account at the time of 
interpretation of provenance and tectonic setting (Mack, 1984; Ingersoll, 1990). 
Climate and relief play most important role in the modification of original 
composition of detritus. The tropical warm and humid climate aided by low relief that 
results in intense chemical weathering is the most effective agent of modification of 
original detrital composition (Basu, 1976; Suttner et al., 1981; Girty, 1991). Other 
modifying agents are sediment transport, sediment recycling, sediment reworking in 
depositional environment and diagenesis. 
6.2 Classification Based on Dickinson’s (1985) Scheme 
Dickinson (1985) classified sandstone on the basis of their characteristic 
petrofacies, which is primarily controlled by the tectonic setting of their provenance. 
Using detrital modes of 88 sandstone suites which reflect different tectonic settings of 
provenance terrains, he grouped the provenance related to continental sources, into 
four major types: 
 stable cratons  
 basement uplifts  
 magmatic arcs  
 recycled orogens 
Continental blocks are tectonically consolidated regions composed essentially 
of amalgam actions of ancient orogenic belts that have been eroded to their deep 
seated roots and lack any relict genetic relief (Dickinson, 1985). The main sources for 
craton derived quartzose sands are low lying granitic and gneissic exposures of the 
shield areas, supplemented by recycling of associated flat lying platform sediments 
(Dickinson and Suczek, 1979). The sands either accumulate as platformal 
successions, deposited within intracratonic basin or transported to passive continental 
margin and the craton flanks of foreland basins. Fault bounded basement uplifts along 
incipient rift belts and transform ruptures within continental blocks shed arkosic sands 
mainly into adjacent linear troughs or local pull apart basins. Similar detritus can be 
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derived from basement uplifts within broken foreland provinces and from eroded 
plutons in deeply dissected magmatic arcs. Magmatic arcs are belts of positive relief 
composed dominantly of penecontemporaneous association of orogenic volcanic and 
plutonic igneous rocks, together with associated metamorphic wallrocks, produced by 
continuing subduction along arc-trench system. The most characteristic sands derived 
from active magmatic arc are volcanoclastic materials erupted and eroded from 
stratovolcano chains and associated ignimbrite plateaus. Arc derived debris is 
typically deposited in forearc or interarc basins, but may also reach foreland basins 
locally. Recycled orogens include the deformed and uplifted supracrustals strata, 
dominantly sedimentary but also volcanic in part, exposed in varied fold thrust belts 
of orogenic regions.   
 In the present study, the analysis requires counting of framework grains and 
calculating various parameters, i.e., Qt, Qm, Qp, P, K, L, Lv, Ls, Lt as given by 
Ingersoll and Suczek (1979) and Dickinson (1985) (Table 6.1). The parameters 
recalculated to 100 percent and used in the four triangular diagrams Qt-F-L, Qm-F-Lt, 
Qp-Lv-Ls and Qm-P-K for provenance study (Table 6.2). The intrabasinal grains 
(Zuffa, 1980) and heavy minerals were ignored. Similarly, extrabasinal carbonate 
grains or detrital limeclasts were also not considered along with other lithic 
fragments. Such grains show vastly different geochemical response during weathering 
and diagenesis and may be confused easily with intrabasinal carbonate grains 
(intraclasts, bioclasts, oolites, peloids). 
Table 6.1- Classification and symbols of grain types (after Dickinson, 1985). 
A. Quartzose Grain (Qt=Qm+Qp) 
Qt = Total quartz grains 
Qm = Monocrystalline quartz 
Qp = Polycrystalline quartz 
B. Feldspar Grain (F=P+K) 
F = Total feldspar grains 
P = Plagioclase grains 
K = K-feldspar grains 
C. Unstable lithic fragments (L=Lv+Ls) 
L = Total unstable lithic fragments 
Lv = Volcanic/metavolcanic lithic fragments 
D. Total lithic fragments (Lt=L+Qp) 
Lc = Extrabasinal detrital limeclast (not included in L or Lt). 
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Table 6.2: Percentages of framework modes of Habo Dome Sandstones, 
Kachchh, Gujarat (based on classification of Dickinson, 1985). 
Qt=Total quartz, F=Total feldspar, L=Total lithic fragments, Qm= Monocrystalline 
quartz, Lt=Total lithic grains, Qp=Polycrystalline quartz, Lv=Volcanic/ metavolcanic 
lithic fragments; Ls= Sedimentary/metasedimentary fragments; P= Plagioclase, 
K=Orthoclase and microcline. 
S. No. Qt F L Qm F Lt Qp Lv Ls Qm P K 
DHRANG SANDSTONE 
D6 94 4 2 89 4 7 86 0 14 96 2 2 
D8 95 5 0 89 5 6 100 0 0 95 3 2 
D18 95 4 1 92 4 4 75 0 25 96 4 0 
D19 92 7 1 87 7 6 83 0 17 93 2 5 
D20 94 3 3 88 3 9 78 0 22 97 1 2 
D25 95 3 2 90 3 7 86 0 14 97 2 1 
D29 96 2 2 88 2 10 100 0 0 98 2 0 
DS 1 95 4 1 87 4 9 100 0 0 96 2 2 
DS 2 93 4 3 84 4 12 83 0 17 95 0 5 
DS 3 97 3 0 86 3 11 100 0 0 97 2 1 
DS 4 92 3 5 76 3 21 90 0 10 96 4 0 
DS5 94 5 1 84 5 11 100 0 0 94 1 4 
DS6 92 4 4 76 4 20 90 0 10 95 3 3 
DS7 96 4 0 84 4 12 100 0 0 95 2 2 
DS8 94 5 1 88 5 7 86 0 14 95 2 3 
DS9 93 7 0 90 7 2 100 0 0 92 2 5 
DS10 95 4 1 88 4 8 88 0 13 96 1 3 
DS11 91 7 2 83 7 10 90 0 10 92 3 4 
DS12 97 3 0 85 3 12 100 0 0 97 2 1 
Avg. 94 4 2 86 4 10 91 0 9 95 2 3 
JHIKADI SANDSTONE 
J1 94 6 0 92 6 2 100 0 0 94 1 5 
J6 93 5 2 91 5 4 100 0 0 95 2 3 
J7 98 2 0 97 2 1 100 0 0 98 0 2 
J12 91 7 2 81 7 12 100 0 0 92 4 5 
J13 89 8 2 81 8 11 100 0 0 91 4 6 
JF1 91 8 1 91 8 1 100 0 0 92 5 3 
JF2 92 7 1 92 7 1 100 0 0 93 2 5 
JF3 92 8 0 90 8 2 100 0 0 92 4 4 
JF4 94 6 0 92 6 2 100 0 0 94 2 4 
JF5 90 9 1 90 9 1 100 0 0 91 3 6 
JFS3 86 7 7 86 7 7 29 0 71 92 4 3 
JFS4 89 8 3 86 8 6 83 0 17 91 5 3 
JFS5 84 10 6 82 10 8 50 0 50 89 7 4 
JD1 85 11 3 82 11 6 83 0 17 88 7 6 
JD2 80 17 3 76 17 7 71 0 29 81 9 10 
JD3 90 9 1 84 9 7 100 0 0 90 4 6 
JD4 90 9 1 84 9 7 86 0 14 90 4 5 
JD5 87 12 1 84 12 4 100 0 0 87 6 6 
JD6 88 11 1 84 11 4 100 0 0 88 5 7 
JD7 88 11 1 85 11 4 100 0 0 88 6 5 
JD8 88 9 3 85 9 6 67 0 33 90 4 5 
JD9 87 12 1 73 12 14 100 0 0 86 6 8 
JD10 88 11 1 84 11 5 80 0 20 88 6 5 
Avg. 89 9 2 86 9 5 89 0 11 90 4 5 
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 In order to understand the tectonic setting of the Habo Dome Sandstone, the 
petrofacies were plotted in standard triangular diagrams Qt-F-L, Qm-F-Lt and Qm-P-
K given by Dickinson (1985) and Qp-Lv-Ls modified after Dickinson (1985) and 
Ingersoll and Suczek (1979). The Qt-F-L diagram emphasizing factors controlled by 
provenance, relief, weathering and transport mechanism is based on total quartzose, 
feldspathic and lithic modes. Plot of the recalculated values revealed that most of the 
samples of Habo Dome Sandstone fall in continental block provenance field in Qt-F-L 
plot suggesting contribution from the craton interior with basement uplift (Figure 6.1). 
Few samples fall in the recycled orogen provenance which suggests their derivation 
from metasedimentary and sedimentary rocks that were originally deposited along 
former passive continental margins (Dickinson and Suczek 1979; Dickinson, 1985). 
In the Qm-F-Lt diagram all the lithics including the quartzose ones are plotted 
together as Lt, to emphasize the source rocks. The diagram shows that the plot of the 
data falls both in the continental block basement uplift provenance with almost equal 
contribution from the recycled orogen provenance (Figure 6.2). The Qp-Lv-Ls plot 
which is based on rock fragments population reveals the polymineralic component of 
source region and gives a more resolved picture about the tectonic elements. The 
studied samples fall in rifted continental margin and collision suture and fold thrust 
belt (Figure 6.3). The Qm-P-K plot of the data shows that all the sediment 
contribution is from the continental block basement uplift provenance reflecting 
maturity of the sediments and stability of the source area (Figure 6.4).  
6.3 Tectono-Provenance 
   The plots of the Habo Dome Sandstone on Qt-F-L and Qm-F-Lt diagrams 
suggest that the detritus of the sandstones was derived from the granite-gneisses 
exhumed in the craton interior and low to high grade metamorphosed supracrustals 
forming recycled orogen provenance, thereby suggesting derivation of the sandstones 
from stable parts of the craton, with perhaps an equal contribution from recycled 
orogens, shedding quartzose debris of continental affinity into the basin (Dickinson et 
al., 1983). In the Qm-P-K diagram, the data lie in the continental block provenance 
reflecting maturity of the sediments and stability of source area. The Qp-Lv-Ls plot 
reveals the source in rifted continental margin, collision suture and fold thrust belt. A 
high percentage of monocrystalline quartz grains, undulating extinction and 
cryptocrystalline quartz grains are suggestive of metamorphic source rocks. The 
presence of strain free quartz suggests that their source is plutonic rocks (Basu, 1985).  
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The low percentage of feldspar and rock fragments favours a cratonic source, 
mature transport regime and long, moderate to high chemical weathering in a humid 
climate (Chandler et al., 1992). The studied sandstones are generally quartzarenitic 
and subarkosic in nature which suggests interplay of pulses of rapid uplift of the 
source area and quick subsidence of the basin, followed by a period of quiescence 
within an overall transgressive-regressive cycle in a rift tectonic regime. The first 
cycle quartz sand may have been supplied from a nearly quartz-rich source area. A 
unique combination of tropical climate, low relief, low rate of sedimentation and long 
residence on the beach is considered to produce mature, first cycle quartzarenite 
(Suttner et al., 1981). The studied sandstone composition suggests that during basin 
unstability sediments supplied from the source area were quickly buried and more or 
less retained the original composition except for modification of unstable constituents 
(lithic fragments, feldspars etc) induced by chemical weathering, which has a greater 
capacity to alter sandstone composition (Basu, 1976; James et al., 1981; Franzinelli 
and Potter, 1983; Suttner and Dutta, 1986). 
The sandstone petrofacies and heavy mineral suites of the Habo Dome 
Sandstones indicate multiple rock sources for these sandstones, which are not 
reflected in the triangular plots. The apparent reason for this could be diagenetic 
alteration and weathering of unstable framework grains relative to the original detrital 
composition. To evaluate the relative importance of plutonic and metamorphic rocks 
as quartz sources, polycrystalline quartz versus non-undulatory monocrystalline 
quartz is plotted in a diamond diagram following the technique of Basu et al., (1975) 
and Tortosa et al., (1991). The data plot in the plutonic, middle to high to low rank 
metamorphic fields (Figure 6.5). This plot yields consistent results that indicate a 
source area containing plutonic, middle to high and low rank metamorphic rocks, 
which represents the exposed roots of magmatic arcs or older crystalline basement in 
the area (Dickinson and Suczek, 1979). The above observations suggest that the 
sandstones of Habo Dome derived from a variety of source rocks. The most likely 
regions of these source rocks are eroded and weathered parts of the Aravalli Range 
situated in the east and northeast of the basin and Nagarparkar Massif lying to the 
north and northwest. This is indicated by sand dispersal pattern studied by various 
workers (Balagopal and Srivastava, 1975; Dubey and Chatterjee, 1997; Ahmad et al., 
2008). 
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Figure 6.1: Classification of the Habo Dome Sandstones, Kachchh, Gujarat, 
according to Dickinson (1985). 
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Figure 6.2: Classification of the Habo Dome Sandstones, Kachchh, Gujarat, 
according to Dickinson (1985). 
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Figure 6.3: Classification of the Habo Dome Sandstones, Kachchh, Gujarat, 
according to Dickinson (1985). 
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Figure 6.4: Classification of the Habo Dome Sandstones, Kachchh, Gujarat, 
according to Dickinson (1985). 
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Figure 6.5: Varietal quartz diamond plot currently used to discriminate sands 
sourced by different types of crystalline rocks, on the basis of extinction pattern 
and polycrystalline of quartz grains. Qm non: low-undulosity monocrystalline 
quartz grains; Qm un=high undulosity monocrystalline quartz grains; Qp 2-
3=coarse-grained polycrystalline quartz grains; Qp>3=fine grained 
polycrystalline quartz grains. Habo Dome Sandstones are compared with 
provenance fields after Basu et al., (1975) and Tortosa et al., (1991) (diagram A 
and B, respectively). 
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 On the basis of the analysis of data plotted on different diagrams, an attempt 
can be made to reconstruct a plate tectonic model for the tectonic setting of Habo 
Dome Sandstone within Kachchh Basin. An incipient rift developed during Late 
Triassic-Early Jurassic time within the Precambrian granite-gneiss and schist which 
formed the basement. The tectonic style of Aravalli-Delhi Fold Belt makes it collage 
of recycled orogen and basement uplift provenance. It is expected that sandstone 
detrital modes derived from such a terrain would plot in a recycled orogen 
provenance. But in most of the petrofacies diagrams i.e. Qt-F-L, Qm-F-Lt, Qm-P-K, 
the data lie in the continental block provenance. In addition to this, Qp-Lv-Ls diagram 
indicates that sediments were contributed from rifted continental margin and collision 
suture and fold thrust belt It is because these rocks were weathered under relatively 
warm and humid climate, which destroyed most of the feldspar and other labile 
constituents. The quartz rich detritus were shed into Kachchh rift. The relief of the 
provenance was low and erosion processes were not strong enough to remove the 
cover rocks from the basement.  
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Chapter – VII 
DIAGENESIS OF SANDSTONE 
7.1 Introduction 
 Sandstone diagenesis is a dynamic process that is influenced by factors 
inherent to the sediment source, depositional system and burial environment (Burley 
et al., 1985; Morad et al., 2000). The principal diagenetic processes include 
compaction, cementation, authigenesis, recrystallization, replacement and 
metasomatism. The relationship between diagenesis and reservoir is well documented 
and much of our knowledge about sandstone diagenesis has benefited from studies 
involving reservoir property evaluation and quality prediction (Wilson, 1994; 
Primmer et al., 1997; Jeans, 2000). Therefore, reservoir quality assessment can benefit 
from a refined understanding of potential controls on diagenesis including framework 
grain composition/ provenance (De Ros et al., 1994; Bloch, 1994; De Souza et al., 
1995; Nentwich and Yole, 1997; Ramm, 2000), paleoclimate (Worden et al., 2000) 
and depositional environment (Funhtbaner, 1983, Mckay et al., 1995; Hiatt and Kyser, 
2000; Rossi et al., 2001, Ahmad and Bhat, 2006; Bhat and Ahmad, 2013). Diagenesis 
in clastic rocks is governed by many factors such as mineralogy, temperature, 
pressure, water composition, flow rates, dissolution and precipitation kinetics, 
availability of nucleation sites, porosity and permeability. Diagenesis is also 
controlled by factors such as texture, detrital composition, environment of deposition 
and associated lithology (Morad et al., 2000). Locally, the diagenesis is controlled by 
the migration of fluids and chemical potential of the system whilst on a regional scale, 
tectonic setting of the basin, geothermal gradient, rate and extent of deposition and 
basin subsidence play a significant role. 
 The present study on diagenesis of the sandstones of the Chari Formation in 
the Habo Dome mainly focuses alteration due to compaction, porosity reduction and 
cementation. An understanding of the processes of compaction and cementation was 
considered desirable in order to determine their direct influences on diagenesis and 
the time relationships between the two processes. The relationships between the 
amount of cement and porosity on one hand, and compaction on the other were 
studied as these relationships are a function of the degree of compaction when 
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cementation occurs and the amount of porosity reduction as a result of compaction is 
also considered The diagenetic processes play significant role in reducing, enhancing 
or retaining the porosity of sandstones (Wolf and Chilingarian, 1976). Porosity can be 
defined as percentage of all void spaces in sand or sandstones. Reduction in porosity 
results from combination of compaction and cementation (Scherer, 1987; Housknecht, 
1987; Pate, 1989; Lundegard, 1992). Some workers studied these processes separately 
(Wilson and McBride, 1988; Houseknecht, 1988; McBride et al., 1991). 
7.2 Methodology 
The present study is based on 42 sandstone samples which were cut into 
standard petrographic thin sections. About two hundred fifty to three hundred points 
were counted from each thin section along linear traverses, at grid point spacing. Thin 
sections were stained with concentrated sodium cobaltinitrite for feldspar recognition 
and HCL- alizarine Red ‘S’-solution to differentiate and identify carbonate cement. 
Authigenic components (cement and matrix replacement constituents) were counted 
separately. Taylor’s (1950) method was applied for the study of the nature of the 
detrital grain contacts. Computation of contact index was done using method of 
Pettijohn et al., (1987).  
7.3 Grain Contacts 
The nature of contacts and contact index (CI) are helpful in understanding the 
aggregate packing of the rocks. The contact index (CI), is the average number of grain 
contacts a grain has with its surrounding grains. The sandstones were studied for their 
grain contacts and percentages of various types of contacts were determined sample 
wise. In the studied sandstones five types of grain contacts are identified: floating, 
point, long, concavo-convex and sutured. Floating grains are the dominant type (63 % 
in Dhrang Sandstone and 52% in Jhikadi Sandstone) suggesting very limited 
mechanical compaction. Point contacts (29% in Dhrang Sandstone and 38 % in 
Jhikadi Sandstone), long contacts (6% in Dhrang Sandstone and 7% in Jhikadi 
Sandstone), concavo-convex contacts (1% in Dhrang Sandstone and 2% in Jhikadi 
Sandstone), sutured contacts (1% in each Dhrang and Jhikadi Sandstones) (Plate-
7.1A, B) (Table 7.1) suggests that the framework grains did not suffer much pressure 
solution. Taylor (1950) considered floating and point contacts to represent  
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Table 7.1: Percentages of various types of grain to grain contacts of the Habo 
Dome Sandstones, Kachchh, Gujarat. 
S. No. 
Types of Contacts 
Number of Contacts  
per Grain 
Total 
Number of 
Contacts 
Contact 
Index 
Floating Point Long 
Concavo-
convex 
Sutured 0 1 2 3 ≥4 
DHRANG SANDSTONE 
Ds 1 64 24 9 3 0 62 26 10 2 0 84 0.62 
Ds 2 65 27 7 1 0 61 26 8 3 2 101 0.58 
Ds 3 71 19 7 3 0 63 23 9 3 2 64 0.90 
Ds 4 76 16 4 2 2 73 16 8 2 2 62 0.70 
Ds 5 78 10 7 3 1 76 10 7 5 2 83 0.58 
Ds 6 59 30 8 2 0 56 31 8 4 1 77 0.83 
Ds 7 56 31 12 1 0 57 30 12 2 0 84 0.69 
Ds 8 45 44 9 1 1 46 43 7 2 2 107 0.66 
Ds 9 78 13 3 3 3 76 11 4 3 4 89 0.54 
Ds 10 40 48 12 0 0 40 47 12 1 0 112 0.65 
Ds 11 59 33 4 4 0 55 37 4 4 0 71 0.81 
Ds 12 68 27 1 0 3 67 27 3 1 3 75 0.62 
D6 55 38 5 1 1 51 39 7 2 1 89 0.71 
D8 74 26 0 0 0 57 37 4 1 0 83 0.60 
D18 81 19 0 0 0 73 19 6 0 1 75 0.50 
D19 33 62 5 0 0 33 60 4 2 1 92 0.86 
D20 68 21 10 1 0 58 24 14 3 1 76 0.86 
D25 49 41 9 1 0 48 42 8 2 0 93 0.68 
D29 77 15 7 1 0 70 16 10 4 1 82 0.62 
Avg. 63 29 6 1 1 59 30 8 2 1 84 0.69 
JHIKADI SANDSTONE 
J1 84 12 4 0 0 80 18 3 0 0 61 0.39 
J6 43 51 3 2 1 41 49 6 1 1 82 0.84 
J7 41 52 5 2 0 44 46 7 3 0 90 0.77 
J12 40 53 6 1 0 42 52 4 2 0 89 0.76 
J13 37 52 8 3 0 40 48 6 4 1 67 1.18 
JF1 44 49 7 0 0 43 46 7 4 0 68 1.08 
JF2 43 47 7 2 1 43 46 9 1 0 69 0.99 
JF3 45 48 6 0 0 42 52 6 0 0 71 0.89 
JF4 34 58 7 1 0 34 56 6 3 1 77 1.06 
JF5 35 52 9 1 2 35 51 8 2 4 83 1.07 
JFS3 86 11 3 0 0 79 12 8 1 0 69 0.45 
JFS4 84 13 3 0 0 77 18 5 0 0 66 0.42 
JFS5 80 19 1 0 0 77 18 3 2 0 65 0.46 
JD1 49 37 9 3 3 42 44 11 3 0 65 1.15 
JD2 51 34 9 5 1 62 27 7 4 0 62 0.85 
JD3 44 39 10 5 3 51 30 12 5 2 74 1.04 
JD4 57 32 9 2 0 62 27 7 4 0 62 0.85 
JD5 65 23 9 3 0 63 26 7 5 1 64 0.92 
JD6 46 44 8 2 0 44 35 6 7 2 102 0.75 
JD7 57 34 8 1 0 59 31 8 2 0 64 0.81 
JD8 51 37 7 3 2 50 31 10 5 4 78 1.05 
JD9 47 35 10 6 2 45 42 7 6 0 88 0.83 
JD10 44 43 8 4 0 47 34 12 4 3 68 1.21 
Avg. 52 38 7 2 1 52 36 7 3 1 73 0.86 
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original packing. The effect of compaction in the studied sandstones is displayed in 
the deformation and squeezing of mica (Plate-7.1C), fracturing of quartz grains and 
floating nature of weaker grains. The presence of sutured grain contacts are the 
evidence of little pressure solution (Plate-7.1B). Minor dissolution of feldspar is 
another diagenetic character observed in the present sediments. The concavo-convex 
and sutured grain boundaries have been interpreted as a result of pressure solution 
(Dapples, 1979). The long contacts and bending of detrital muscovite reveal 
mechanical compaction of sediments. This is indicative of compaction and pressure 
solution due to shallow burial or early compaction. Therefore, it may be concluded 
that some compaction in Dhrang and Jhikadi member sandstones took place in the 
early stages, when grains rotated and adjusted themselves to the boundaries of 
adjacent grains. The overall average contact index for the Dhrang and Jhikadi member 
sandstones is very low (0.69 and 0.86) respectively. The framework grains having 
contacts with 1-4 and more than four grains constitute about 59, 30, 8, 2, 1 (Dhrang 
Sandstone) and 53, 36, 7, 3, 1  (Jhikadi Sandstone), respectively (Table 7.1). The high 
percentage of floating grains and point contacts with low contact index values are 
mainly found in sandstones with the pervasive development of calcite and Fe-calcite 
cement, which are probably precipitated at a very early stage during sedimentation. 
The early stage of cementation restricted large scale mechanical and chemical 
compaction, which normally takes place after deposition and is concomitant with 
burial under the burden of the overlying sediments.  
7.4 Cementation and Matrix 
The cements are normally considered to cause loss of porosity but dissolution 
and leaching of cements may give rise to secondary porosity. The timing of 
cementation events is of much importance, especially quartz cements which may 
stabilize the framework. Four types of cements are identified in the sandstones of 
Habo Dome; viz. carbonate, iron oxide, silica and clay cements (Table 7.2). 
7.4.1 Carbonate Cement 
The carbonate cement in the studied sandstone occurs in the form of sparry 
calcite and microcrystalline calcite. The percentage ranges from 5 to 36 %, averaging 
5 % in Dhrang Sandstone and 2 to 22%, averaging 8% in Jhikadi Sandstone. The 
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original framework of the sandstones has been modified as a result of replacement of 
detrital grains by carbonate cement (Plate-7.2A, B). The replacement cementation 
clearly implies that pore water was under-saturated with respect to quartz and 
supersaturated with respect to calcite. In some thin sections, characterized by Fe-
calcite cement, the corroded quartz grains exhibit calcite cement infilling (Plate-
7.2A). This evidence suggests the presence of syndepositional calcite cement, which 
was later replaced by Fe-calcite cement during deep burial. The early precipitation of 
carbonate cement takes place in a few centimeters below the sediment water interface 
(Bjørlykke, 1983). This type of cementation occurs by exchange of interstitial marine 
pore water expelled from the underlying sediments. In the present days, tropical shore 
sediments with intergranular pores provide favorable space for early carbonate 
cementation (Bjørlykke, 1983). However, the thin dark brown coating of Fe-calcite 
cement on detrital grains may be extrabasinal weathering rinds generated during deep 
burial (Walker, 1984). The presence of oversized pore-filled calcite cement might be 
due to destruction and leaching of labile framework grain, possibly feldspar, which 
may have taken place at sediments-water interface. Precipitation of microcrystalline 
calcite cement probably took place at shallow depth above water table by the process 
of concretion as evidenced by open framework entrapped iron-oxide cement. It 
suggests that the depositional setting may have been intermittently exposed, allowing 
onset of pedogenic process that induced calcite cement precipitation. Later, during 
burial the micrites were replaced by sparry calcite in meteoric hydrologic regime 
along the interface zone of accretion and saturation (Ahmad et. al., 2005). 
7.4.2 Iron Oxide Cement 
Iron oxide cements which form 4 to 11%, averaging 6% in Dhrang Sandstone 
and to 1 to 39%, averaging 13% in Jhikadi Sandstone, occur in the form of black 
coating around detrital grains as well as isolated patches. This coating is variable in 
thickness. The presence of corroded quartz grains suggests the presence of an earlier 
calcite cement which was later replaced by iron oxide. In many instances, the clastic 
grains occur in the form of protrusions, embayments and notches and reflect loss of 
original grain morphology (Plate-7.2C). In some thin sections empty voids are lined 
with a thin coating of iron oxide. These voids represent completely leached feldspar 
which has disappeared leaving behind empty voids. The oversized pore space might   
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PLATE-7.1 
A.  Photomicrograph showing floating, point and long contacts (Jhikadi 
Member, massive sandstone, level I). 
B.  Photomicrograph showing sutured contact and clayey matrix (Dhrang 
Member, ripple bedded sandstone, level I). 
C.  Photomicrograph showing angular to sub-rounded framework grains 
(mostly quartz) floating in matrix. Elongated mica flakes show 
mechanical bending due to early compaction (Jhikadi Member, massive 
sandstone, level I). 
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Table 7.2: Percentages of cement and void spaces of the Habo Dome Sandstones, 
Kachchh, Gujarat. 
 
S. No. 
Cements 
Total 
Cement 
Detrital 
Grain 
Existing 
Optical 
Porosity 
Minus 
Cement 
Porosity 
COPL CEPL 
Silica Iron Carbonate Matrix 
DHRANG SANDSTONE 
Ds 1 0 4 0 5 9 84 7 16 10 30 
Ds 2 0 7 0 3 10 79 11 21 14 27 
Ds 3 0 3 0 14 17 76 8 24 17 42 
Ds 4 0 0 0 7 7 81 12 19 12 21 
Ds 5 0 10 0 5 15 77 7 23 16 40 
Ds 6 0 9 0 11 19 70 11 30 23 44 
Ds 7 0 8 0 8 17 73 10 27 20 40 
Ds 8 0 8 0 5 12 76 12 24 16 31 
Ds 9 0 9 0 17 26 67 7 33 26 57 
Ds 10 1 11 0 17 28 65 6 35 28 60 
Ds 11 2 8 0 0 9 75 16 25 18 24 
Ds 12 0 7 0 12 19 69 12 31 24 43 
D6 0 0 32 0 32 66 2 34 27 69 
D8 0 10 25 0 35 64 1 36 30 73 
D18 0 8 0 1 9 81 10 19 12 28 
D19 0 6 0 5 12 79 9 21 14 33 
D20 0 6 0 13 19 74 7 26 19 45 
D25 0 0 36 0 36 63 0 37 31 76 
D29 0 8 5 1 14 70 0 30 23 32 
Avg. 0 6 5 6 18 73 8 27 20 43 
JHIKADI SANDSTONE 
J1 0 18 22 0 40 60 0 40 35 80 
J6 0 1 19 0 20 78 2 22 15 54 
J7 0 10 21 0 31 59 10 41 37 62 
J12 0 2 20 0 22 75 3 25 18 56 
J13 0 0 17 0 17 78 5 22 15 46 
JF1 0 1 14 0 15 82 3 18 12 47 
JF2 0 2 12 0 14 82 4 18 12 44 
JF3 0 2 14 0 16 76 7 24 17 43 
JF4 0 3 16 0 19 76 5 24 16 50 
JF5 0 4 17 0 21 74 5 26 19 51 
JFS3 0 39 0 0 39 58 3 42 39 78 
JFS4 0 37 0 0 43 59 4 43 48 86 
JFS5 0 28 0 0 28 69 3 31 24 62 
JD1 0 3 13 2 18 79 3 21 14 51 
JD2 3 5 0 3 10 82 8 18 11 33 
JD3 2 7 2 4 15 80 6 20 14 42 
JD4 0 20 0 2 22 52 26 48 50 43 
JD5 0 22 0 6 28 62 10 38 33 57 
JD6 0 16 0 3 20 68 13 32 25 43 
JD7 2 23 0 1 26 66 8 34 27 56 
JD8 0 18 0 1 19 66 15 34 28 40 
JD9 0 11 0 3 14 80 6 20 13 41 
JD10 0 17 0 1 18 67 15 33 26 39 
Avg. 0 13 8 1 22 71 7 29 24 52 
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have resulted from the destruction and leaching of labile framework grains, possibly 
feldspars. Iron oxide in sediments forms at the sediment-water interface just after their 
deposition. Under deep burial conditions the same recrytallizes as iron cement in void 
space (Walker, 1974). The iron oxide is perhaps derived from weathering and 
leaching of the overlying traps. 
7.4.3 Silica Cement  
Silica cement is scarce in the Habo Dome Sandstones. Occasionally the 
sandstones show local developments of large overgrowth (Plate-7.2D). In some thin 
sections silica cement mainly consists of chalcedonic and microcrystalline quartz 
(Plate-7.2E). The chalcedonic quartz cement comprises radiating microfibrous quartz 
forming fan shaped aggregates. Microcrystalline quartz consists of subequant, 
randomly oriented, interlocking grains of less than 0.09mm size and show pinpoint 
birefringence. Large intergranular spaces show the development of the above 
described morphological types of silica cements. The close association between the 
various morphological types of quartz cements indicates a paragenetic relationship 
and the sequence of formation from the grain boundaries to the centre of cavities to 
the same as described by Choquette (1955). The absence of silica cement can be 
attributed to limited compaction of the sandstone, thereby causing very little pressure 
solution, which was the most important indigenous source of silica, probably the 
depth of burial and geothermal gradient were not high enough to reach the silica 
window (McBride, 1989). The possible cause of the observed quartz overgrowths in 
these sandstones may be the intraformational release of silica during replacement and 
the corrosion of feldspar and micas by calcite. The pressure solution of detrital quartz 
and other silicates at grain contacts are important source of silica in deeply buried 
sandstones. The possible source of microcrystalline quartz cement is sponge and 
intercalations of tuff and volcanic rock fragments, which are characteristics of marine 
sedimentation in rift basin.  
7.4.4 Clay Cement 
The clay cement is present in minor amount. It is mainly kaolinite, chlorite, 
illite-smectite and occurs as intergranular microcrystalline aggregate of both allogenic 
and authigenic origin (Plate-7.3 A, B, C, D). The presence of kaolinite, chlorite and 
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illite has been confirmed by X-ray diffraction studies (Figure 7.1). The allogenic 
kaolinite is very common and show irregular aggregate of plates with rugged outlines, 
often conforming to the adjacent coarser detrital grains, a result of deformation during 
compaction. Authigenic kaolinite shows well developed rosettes of crystals, not 
deformed by compaction. They represent the alteration products of micas and feldspar 
grains during compaction. The formation of kaolinite as pore filling may have 
occurred at an early stage of burial when the sandstones were still exposed to acidic 
ground waters of meteoric origin with relatively low cation to hydrogen ion ratios 
(Millot, 1970). The partial dissolution of feldspar grains may be a possible source for 
the silica and alumina which precipitated as kaolinite. Chlorite occurs in rims and 
pore filling. The chlorite rims are generally thin and discontinuous. Chlorite consists 
of small irregular to pseudohexagonal platelets occasionally enclosed by quartz 
overgrowths. Chlorite has been often found partly replacing mica. In some cases 
chlorite is found as rims. Mixed layer clay minerals, such as illite-smectite are 
common. Illite-smectite occurs as grain coating (pore lining) and also as grain 
replacement of coating clays and micas. Pore filling pore bridging illite is also 
observed. Illite is often represented by lath-hair like crystals oriented perpendicular to 
the detrital grain surfaces.  
7.5 Matrix 
Clayey to silty matrix is present in the studied sandstones in variable amounts 
(Plate-7.1C). Most of the matrix material is syndepositional and hence pore fillings. 
Matrix exerts influence on diagenetic process by supplying chemical entities and bulk 
properties, such as porosity and permeability by pore occlusion. 
7.6 Porosity Evolution and Depth of Burial 
In the present studied area the burial depth of these sandstones are taken by 
using the graphic plots of porosity versus depth. The study shows that the existing 
optical porosity (EOP) ranges from 1 to 16%, average 8% and 1 to 26%, average 7% 
in Dhrang and Jhikadi sandstones respectively, while minus cement porosity (MCP) 
ranges from 16 to 37%, average 27% in Dhrang Sandstone and 18 to 48%, average 
29% in Jhikadi Sandstone. The average minus cement porosity of these sandstones is 
plotted on different graphs of porosity versus depth devised by McCulloh (1967),  
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Figure 7.1: Characteristic X-ray diffraction diagram of clay minerals of the 
Habo Dome, Kachchh, Gujarat.  
I – illite, K/C – kaolinite/chlorite, Q – quartz, K – kaolinite; L5, L6, R4, R6, D13, D12, J14, B1 – 
numbers of samples. 
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Lapinskaya and Preshpyakove (1971), Selley (1978), Atwater and Miller (1965) 
which suggests a depth of burial in the range 533 to 2617m to Dhrang Sandstone and 
457 to 2165m to Jhikadi Sandstone (Table 7.3) (Figure 7.2 A, B, C). 
It is well known that the original porosity of sandstone generally varies 
between 30 to 50%, which can be reduced by 10 to 17% by mechanical compaction 
(Pryor, 1973; Beard and Weyl, 1973). The initial high porosity is attributed to loose 
packing of sediments at the onset of deposition. In addition to compression, rotation 
of grain and their mechanical breakage during burial also reduces porosity in 
sandstones. The intergranular cement (minus cement porosity) an average 27% and 
29% porosity, which may be due to less mechanical compaction during early stages of 
diagenesis. Less mechanical compaction and high content of intergranular cement 
may be related to high grain strength, good sorting and early cementation. 
 In this study the empirical porosity value has been taken to 45% to model the 
porosity evolution and relative role of compaction and cementation. This has been 
quantitatively worked out by using the following formulae and variation diagram of 
Lundegard (1992). 
(i) COPL= Pi- [(100 - Pi)* MCP) / (100 - MCP) ]    
(ii)  CEPL = Pi – COPL * (TC/MCP) 
Table 7.3: Interpreted depth of burial of the Habo Dome Sandstones, Kachchh 
Basin, Gujarat. 
Depth of Burial versus Minus  Cement Porosity 
DHRANG JHIKADI 
Feet Meter Feet Meter 
McCulloh (1967) 1750 533 1500 457 
Lapinskaya and Preshpyakove (1971) 4875 1486 4325 1318 
Selley (1978) 5741.5  1750 4921 1500 
Atwater and Miller (1965) 8586 2617 7103 2165 
where COPL is porosity loss due to compaction, Pi is the depositional porosity 
(=45%), MCP is the minus cement porosity, Tc is the total cement and CEPL is the 
loss due to cementation. 
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PLATE-7.2 
A. Photomicrograph showing detrital grain corroded by carbonate cement 
(Dhrang Member, trough cross-bedded sandstone, level II). 
B. Photomicrograph showing calcite replacement by silica (Jhikadi Member, 
laminated sandstone,  level I ). 
C. Photomicrograph showing detrital grain corroded by Iron cement 
(Jhikadi Member, trough cross-bedded sandstone, level II). 
D. Photomicrograph showing quartz grains are welded by silica cement 
which has grown as rim cement around the framework grains. In most 
cases it has welded the grains forming new boundaries among them 
(Dhrang Member, trough cross-bedded sandstone, level II). 
E.  Photomicrograph showing the framework constituents (mostly quartz) 
are etched and are floating in matrix. Chalcedony quartz has developed 
within the matrix (Dhrang Member, ripple-bedded sandstone, level I). 
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PLATE-7.3 
A. SEM microphotograph showing kaolinite (Lodai Member, shale, level II). 
B. SEM microphotograph showing chlorite (Jhikadi Member, planar cross-
bedded sandstone, level III). 
C. SEM microphotograph showing illite (Dhrang Member, planar cross-
bedded sandstone, level I). 
D. SEM microphotograph showing smectite (Dhrang Member, trough cross-
bedded sandstone, level I). 
E. SEM microphotograph showing secondary porosity (Lodai Member, 
shale, level I). 
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Figure 7.2: The relationship between MCP and depth of burial on the three 
bivariate plots (A, B, C) determined for Habo Dome Sandstones. The Plot (D) is 
of porosity loss due to compaction versus porosity loss due to cementation.  
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The plot COPL (porosity loss due to compaction) versus CEPL (porosity loss 
due to cementation) plotted on variation diagram given by Lundegard (1992) suggest 
that cementation was major causes of the porosity reduction (Figure 7.2D). High 
minus cement porosity values also suggest low mechanical compaction probably just 
before cementation leading to moderate packing. The early cementation may have 
reduced porosity and established the constituent framework, which appears to have 
restricted late stage compaction during deep burial (Houseknecht, 1987). 
The relationship of optical porosity versus mean size, sorting and contact 
index shows a much poor trend than that with minus cement porosity and the 
correlation coefficients determined for the plots are low to moderately significant 
(Figure 7.3 a, b). This suggests that the obliteration of texture was probably due to 
cementation, corrosion and compaction.  
7.7 Diagenetic Phases 
The most important diagenetic phase in the sandstones of the Habo Dome  
under study is late diagenetic cementation. Various types of cements observed within 
the thin sections include calcite (sparry calcite and microcrystalline calcite), ferroan 
calcite, quartz and blocky cements, kaolinite and illite/smectite. Calcite has been 
replaced by silica (Plate 7.2B) by the dissolution process which varies from surface 
etching to the calcite pseudomorph leaving an insoluble residue within the carbonate 
cement. The complexities involved in quartz carbonate replacement as outlined by 
Pettijohn et al,. (1972). Pettijohn et al., (1972) note that dissolution of the replaced 
and precipitation of the replacing mineral take place in exceedingly thin film between 
the bounding surfaces. They showed that the SiO4 tetrahedra dissolve first from the 
quartz surfaces and hydrate to become H4SiO4, whose concentration is higher in the 
film than in the pore fluid and the H4SiO4 diffuses out into the pores. The 
concentration of Ca
2+
 and HCO
3-
 being higher in pore fluid than the film, the two 
kinds of ions diffuse in the film. Silica replacement by carbonate as observed is 
considered prevalent in deep burial alkaline environment (Bjørlykke and Egeberg, 
1993). Precipitation of the microcrystalline calcite cement took place at a shallow 
depth above the water table. Later during burial, micrite was replaced by sparry 
calcite in the meteoric water regime along the interface zone of accretion and 
saturation.  
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DHRANG SANDSTONE 
 
(A) 
 
(B) 
 
(C) 
 
(D) 
 
(E) 
 
(F) 
Figure 7.3a: Bivariant plots of texture and compaction parameters with existing 
optical porosity (A, B, C) and with minus cement porosity (D, E, F) for Dhrang 
Sandstone, Habo Dome and r is the correlation co-efficient.   
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JHIKADI SANDSTONE 
 
 (A) 
 
(B) 
 
(C) 
 
 (D) 
 
(E) 
 
 (F) 
Figure 7.3b: Bivariant plots of texture and compaction parameters with existing 
optical porosity (A, B, C) and with minus cement porosity (D, E, F) for Jhikadi 
Sandstone, Habo Dome and r is the correlation co-efficient.   
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Silica cement occurs in small amounts as overgrowths around detrital grain 
boundaries (Plate-7.2D). In addition a chalcedony quartz cement comprises radiating 
micro-grains and quartz-forming fan shaped aggregates (Plate-7.2E). The two most 
probable sources of silica forming the quartz overgrowths are pressure solutions, and 
the transformation of smectite to illite within shales (Boles and Franks, 1979). The 
possible source of chalcedony quartz cement is sponge spicules and intercalations of 
tuff and volcanic rock fragments, which are characteristic of marine sedimentation in 
rift basins. 
The late Fe-calcite cement infilled residual pore spaces that remained after 
compaction had produced a much closer packing arrangement. The relatively late 
formation of this Fe-calcite indicates an alkaline, reducing and relatively Fe rich 
environment. The dissolved carbonate components within the sandstones may have 
been the source of this late Fe-calcite cement (Curtis, 1983). Authigenic clays forms 
patches within the calcite cement representing replacement of detrital feldspar. 
Pseudo-hexagonal kaolinite (Plate-7.3A), smectite (Plate-7.3D) and mixed layers of 
illite and smectite are present within studied sandstones. The clays are often stained 
with patches of reddish brown limonite. Secondary or enhanced porosity is commonly 
recognized by the dissolution features of primary or diagenetic phases (Schmidt and  
McDonald, 1979). Most of the studied samples are tightly cemented and have no 
visible porosity remaining. However, a few thin sections show evidence of dissolution 
and porosity enhancement. 
The progressive stages of diagenesis observed in the sandstone thin sections of 
this study include early and late diagenetic phases. During the early stage of 
diagenesis little compaction took place; it caused rotation and adjustment of the grains 
and the formation of point and long contacts. The original porosity of about 40% was 
reduced to an average of 27% and 29%. Compaction was largely influenced by the 
shape of the detrital grains in the absence of an early major cementation phase that 
could have stabilized the detrital framework of these sandstones. Initially the pore 
fluids were alkaline and under these conditions quartz overgrowth and late Fe-calcite 
cement was precipitated. Later the alkaline pore waters appear to have been replaced 
by acidic ones. This led to the dissolution of carbonate cements and the detrital 
feldspars and formation of kaolinite and illite-smectite. 
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Chapter –  VIII 
DIAGENESIS OF LIMESTONE 
8.1 Introduction 
The present study demonstrates diagenetic changes of the carbonates with 
respect to compaction, cementation, micritization, neomorphism and porosity 
reduction. The diagenetic features represent early or syndepositional changes that 
took place in different diagenetic environments. These diagenetic changes have 
evolved different types of porosity within these carbonate rocks. In carbonate 
diagenesis, the primary driving force is rock-water interaction. Therefore, the key 
factor in the diagenetic equation is the composition of the surface and subsurface 
fluids. The waters most commonly in contact with carbonate rocks and sediments are 
marine, meteoric, or deep subsurface in origin. After the carbonates are deposited, 
with time they interact with different fluids. Such interaction of fluids and sediments 
takes place in a special way and leaves unique diagenetic signatures behind 
(Longman, 1980). Therefore, each diagenetic environment is characterized by a 
typical carbonate crystal fabric in the form of cement, trace element content and stable 
isotope values as envisaged by Scoffin (1987). Other important factors that control 
diagenetic changes of the carbonate sediments are pressure conditions which increase 
with the deep burial and depositional fabric of the rocks. The diagenetic environment 
passes vertically and laterally from one to another (from shallow to deep burial, with 
sea level changes and/ or tectonic movements, Tucker and Wright, 1990). Detailed 
and separate work on diagenesis is lacking especially on carbonate members of 
Kachchh Basin. Some useful study in this regard has been done by Ahmad et al., 
(2006, 2007). The present study mainly deals with the diagenesis of Middle Jurassic 
(Bajocian-Mid Oxfordian) carbonate members exposed in Habo Dome and these 
investigations will contribute to our knowledge of regional diagenetic history of the 
Jurassic sediments of Kachchh Basin. The evidences also suggest diagenesis in a 
mixed marine-fresh water as well as burial environments.  
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8.2 Methods and Materials 
The limestones of the Chari Formation are exposed only in the Dhrang and 
Lodai members in the Habo Dome. The diagenetic study is based on 30 oriented thin 
sections. The thin sections were stained using Feigl’s solution and Dickinson (1965) 
method of staining was used to identify carbonate minerals and cements. For textural 
categorization of these carbonates Dunham’s (1962) classification scheme was 
followed keeping in view the controlling factors of porosity and consequently 
permeability in rocks that affect their reservoir quality. 
In the studied carbonates from Habo Dome, bioclasts, ooids, faecal pellets, 
peloids, intraclasts, sparry calcite and micrite are present in various proportions. 
Terriginous admixture is present in most of the samples.  The carbonates are mostly 
fine to medium grained, however, few samples are also coarse grained. The 
carbonates are poorly to very well sorted having angular to well rounded grains of low 
to high sphericity. The various types of bioclasts (skeletal grains) that have been 
identified include brachiopods, algae, echinoderm, ostracods, gastropods, bryozoans, 
pelycepods and foraminifera. Non skeletal carbonate grains are those that are not of 
biogenic origin. In the Habo Dome carbonate ooids, pellets, peloids and intraclast 
constitute non-skeletal grains.  
8.3 Diagenetic Features 
The studied limestones have undergone through diagenetic changes including 
compaction, cementation, micritization, neomorphism and secondary porosity which 
are described below:  
8.3.1 Compaction 
Compaction driven deformation and breakage of bioclasts in thin sections are 
observed (Plate-8.1A). Evidence of mechanical compaction is observed in the form of 
spalling of the ooid cortices. Inter ooids cavities are filled with peloids and micrite. 
The absence of a submarine rim cement within the deformed framework constituents 
suggests early compaction episode within the marine environment. Evidence of post-
cementation compaction is seen in the form of breakage of the fabric of both the 
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allochems and the cement. This second phase of early compaction has lead to partial 
dissolution (Plate-8.1B) at the mutual contacts of ooids and bioclasts. These two early 
compaction phases are related to the marine phreatic environment. 
8.3.2 Cementation 
 Cementation takes place in many different carbonate diagenetic environments, 
each one of them is defined on the basis of chemistry and distribution of pore fluids. 
Three distinct types of early diagenetic cements within the limestones of the Chari 
Formation are observed. These include blocky cement, ferroan rim cement and 
fibrous cement. These types of cement have been interpreted as early marine cements 
formed during deposition or shortly thereafter (Steinhauff, 1989, 1993). Blocky 
cements are believed to form in a fresh water diagenetic environment and also are 
analogous to the meteoric cements in many Holocene ooid sequences (Oldershaw, 
1971; Folk, 1974; Bathurst, 1975; Wong and Oldershaw, 1981). The allochems are 
coated with a ferroan calcite rim. The probable source of Fe-calcite is the presence of 
a hardground within the sequence. The ferroan coating around the allochems has 
obliterated syntaxial and fibrous cement growth on them. The fibrous-bladed cement 
occurs in bundles of calcite crystals embedded in micrite (Plate-8.1C) The fibrous 
calcite cement has been interpreted as replacement of a fibrous aragonite cement 
(Bathrust, 1975). This interpretation is also supported by the evidence of the 
formation of modern day marine cements as isopachous crests of acicular crystals of 
aragonite or Mg-calcite (Longman, 1980; James and Choquette, 1983). Also all the 
recent submarine and beach rock cements are of a bladed to fibrous nature (Bricker, 
1971). It is interpreted that the early marine cements as representing high energy 
environments mainly restricted to the outer ramp and bioclastic bar-bank system 
where early marine cementation is favored at the sedimentwater interface. 
8.3.3 Micritization 
Micritization of grains is common in the carbonates of the Habo Dome. Some 
of the bioclasts are completely micritized leaving only bioclastic lumps with 
occasional concentric lamination (Plate-8.1D). Micritization is generally an early 
marine diagenetic process. However, micritization is also the result of syndepositional 
recrystallization of the skeletal carbonate (Reid et al., 1992; Macintyre and Reid,  
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Plate 8.1 
A.  Photomicrograph showing bending and breaking of the bioclasts due to 
mechanical compaction. Framework grains are floating in micrite 
(Dhrang Member, limestone, level I). 
B.  Photomicrograph showing the framework grains (bioclasts and ooids) are 
etched and replaced by calcite cement during late diagenetic phase. Ooids 
are welded by sparry calcite (Dhrang Member, limestone, level III). 
C.  Photomicrograph showing fibrous cement has completely replaced the 
frame work grains and has left some ooid relics. Other grains are welded 
by sparry calcite. (Dhrang Member, limestone, level III). 
D.  Photomicrograph showing most of the framework grains have been 
micritized and reduced to micritic lumps. Sparry calcite cement welds the 
allochemical relics (Dhrang Member, limestone, level II). 
E.  Photomicrograph showing the allochems including bioclasts have been 
micritized and neomorphic calcite has developed at the expanse of micrite 
(Dhrang Member, limestone, level II). 
F.  Photomicrograph showing almost all the allochems have been etched and 
replaced by coarsely crystalline calcite (Dhrang Member, limestone, level 
II). 
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1995, 1998). In most of the cases micrite converts into neomorphic sparry calcite 
(Plate-8.1E). The evidence suggests that micrite mostly forms by inorganic 
precipitation in warm, saline, shallow water, low energy conditions and in some cases 
by disintegration of green algae (Folk, 1959). The evidence of little sediment 
movement, ubiquitous microbial micritization of allochems and limited cementation 
reflects stagnant marine phreatic environments (Tucker and Wright, 1990). 
8.3.4 Neomorphism 
  Finely crystalline carbonate replaced by a coarser calcite mosaic is also 
observed (Plate-8.1F). Such a feature is indicative of aggradational neomorphism 
(Folk, 1965). Patchy distribution of a neomorphic fabric along with the fabric-
selective calcite mosaic is consistent with neomorphism in the meteoric vadose zone 
(Sherman et al., 1999). Also peloids are internally replaced by coarse calcite grains 
with a less ordered crystal mosaic representing aggrading neomorphism (Bathurst, 
1975). This diagenetic process is attributed to the freshwater phreatic environment 
which is analogous with the Dorag-type dolomitization (Carozzi, 1989). Secondary 
porosity has evolved through the biological break down of the carbonate sediments. 
During dissolution, the unstable aragonite or high magnesium calcite framework 
grains such as bioclastic shells dissolve and generate secondary porosity. This type of 
diagenesis is prevalent within the fresh water phreatic environment. 
8.3.5 Porosity 
Both primary and secondary porosity has been recorded from the studied Habo 
Dome Limestone. The primary porosity includes intergranular and intragranular 
porosity in packstone. Evidence of little early cementation in calcarenites has caused 
pressure to be uniformly distributed consequently reducing the pressure solution with 
burial. These calcarenites have retained their remaining porosity until the stage of 
burial diagenesis. The characteristic feature of selective dissolution of low Mg-calcite 
matrix is the formation of voids in carbonates. Secondary porosity has evolved 
through biological breakdown of the allochems and chemical breakdown of the 
carbonate minerals. Evidence of dissolution of aragonite and persistence of low Mg-
calcitic matrix in the present study suggests evolution of secondary porosity. 
Dissolution of aragonite fossils has created cavities mudstone facies, suggesting pore 
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water undersaturated with respect to both aragonite and calcite at the time of solution 
of aragonite through percolation of freshwater. Study of Habo Dome carbonates, 
reveals that these rocks have partially retained the primary porosity but are mainly 
characterized by secondary porosity. Dissolution appears to have been the main 
mechanism responsible for the formation of secondary porosity in these rocks 
producing a variety of distinctive and interesting texture. The study reveals that the 
Habo Dome carbonates have an existing optical porosity of 30-40% while the minus 
cement porosity ranges from 10-25%. 
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Chapter – IX 
GEOCHEMISTRY 
9.1 Introduction 
The mineralogical and geochemical compositions of clastic sediments are the 
product of multiple processes and their interaction, as succinctly summarized by 
Johnson (1993). Major factors influencing chemical composition of the clastic rocks 
include the source lithology or provenance (Roser and Korsch, 1988; McLennan et 
al., 1993), source area weathering (Clift et al., 2008), prevalent climate (Nesbitt and 
Young, 1982; Rieu et al., 2007, Yan et al., 2010; Ohta, 2008), tectonic setting of the 
source area and of  the depositional basin (Bhatia and crook, 1986; Roser and Korsch, 
1986) and  post depositional diagenetic effects  such as K-metasomatism (Fedo et al., 
1995) or carbonate cements. The bulk composition of sedimentary rocks preserves the 
imprints of all these processes in the passage from source to sink. The geochemical 
study of sedimentary rocks, particularly of clastic rocks, provides the opportunity to 
examine the role of pre, syn and post depositional factors and helps in unraveling of 
past sedimentary environments in the depositional basins. Abundance of trace 
elements, in particular, those of Y, Sc, Th, Hf, Co, Cr and REE and their ratios are 
useful indicator of geological processes  and controls on the generation of sediments 
and formation of the sedimentary rocks as they are considered true proxies of the 
geological past, including provenance and tectonic setting (Cullers et al., 1979; 1987; 
Bhatia and Taylor, 1981; Taylor and McLennan, 1985; Cullers, 1988; Bhatia and 
Crook, 1986; Cullers and Stone, 1991; McLennan et al., 1993). Geochemistry has 
proven itself to be a very important tool in the evaluation of depositional environment 
and basinal settings especially of Precambrian sedimentary rocks where fossil records 
are meager. It also provides valuable information on the crustal evolution processes 
during the Precambrian time.    
9.2 Sampling 
A total of 150 samples of sandstones and shales were collected during the 
course of this study. The criteria for sample collection included fresh or least 
weathered samples free from quartz veins and or other secondary mineral veins apart 
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from the variability in grain size and matrix. Prior to their geochemical analysis, 
petrographic studies of the samples were carried out from their thin sections to 
determine the suitability of samples for geochemical analysis. After careful thin 
section screening, twenty four representative samples (7 sandstones and 17 shales) 
were selected for their geochemical analysis. The results of geochemical analyses are 
presented in Table 9.1. 
9.3 Analytical Technique 
  For major elements the samples were chipped and chips free from veins were 
handpicked. These chips were then powdered in a pulverizer into -200 mesh size in a 
swing mill (TEMA, Revesby, NSW, Australia) for maintaining the homogeneity of 
the samples. Then the powder of the samples was heated overnight in the oven at 
110
0
C. These samples were stored in desiccators till they were mixed with the flux. 
The flux used for making the bead is the A1000 of MERCK. Composition of A1000 
flux is Lithium Tetra Borate with 0.07% of lithium bromide. Flux to sample ratio is 
10:1 (1 sample to 10 flux). The sample and flux was mixed thoroughly and then put in 
the platinum crucible and was melted in two stages with temperature going to 
~1180
0
C. The red hot melt was poured in the platinum casting dish to make a bead. 
These beads were then analyzed by XRF (AXIOS model of PAN analytical, 
Netherlands), NIO, Goa. The XRF has been calibrated with about 20 international 
standards procured from the USGS, Geological Survey of Japan and CNRS, France 
and China. 
 Sample preparation and analyses of trace elements were carried out under Q– 
block fume cabinets in clean air laboratory conditions. All acids used were ultrapure, 
quartz distilled, concentrated and all dilutions were made with milli–Q water. 
Complete sample digestion is important to obtain the true abundances of the REEs 
present in the rock. The sample (0.5 g) was taken in  a Teflon beaker to which 7 ml of 
HF (48%), 3 ml of conc. HNO3, and 1 ml of perchloric acid were added. This mixture 
was digested by keeping the beakers over hot plate. After confirming complete 
digestion, 10 ml of HNO3 of 1:1 concentration was added and was kept on the hot 
plate until a clear solution was obtained. When the solution cooled down, the volume 
was made to 100 ml with double-distilled water after adding 10 ml of 1 ppm Rhodium 
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solution as an internal standard. The prepared solutions were stored in HDPE bottles. 
The concentrations of trace elements including rare earth elements were determined 
by a Thermo Elemental X–series, Inductively Coupled Plasma Mass Spectrometer 
(ICP-Mass Spectrometer) at NCAOR, Goa. 
9.4 Geochemical characteristics of Habo Dome clastics 
9.4.1 Major Element: 
In the following geochemical description, the lithologies of various formations 
of Habo Dome will be referred to as Dhrang Sandstone (DST), Dhrang Shale (DSH), 
Jhikadi Sandstone (JST), Jhikadi Shale (JSH), Rudramata Shale (RSH) and Lodai 
Shale (LSH). 
  Major element oxide composition of the Habo Dome Sandstones show 
decreasing trend from Dhrang to Jhikadi sandstones in the concentrations of SiO2 
(DST=67.19-90.63, avg. 77.91, JST=66.54-78.62, avg. 72.63) and CaO (DST=0.27-
1.73, avg. 1.00, JST=0.41-7.71, avg.5.19) except one sample of Dhrang sandstone 
(D6=24.87%) (Table 9.1). The Jhikadi samples contain relatively higher amount of 
CaO than Dhrang samples. The higher content of CaO in these samples are due to the 
presence of calcite cement. There is concomitant increase in Al2O3 (DST=4.01-10.08, 
avg. 6.46, JST=5.35-10.38, avg. 8.17), TiO2 (DST=0.31-0.71, avg. 0.56, JST=0.44-
0.96, avg. 0.78), Fe2O3 (DST=1.24-7.24, avg,3.33, JST=4.49-8.84, avg.7.52), MgO 
(DST=0.19-0.89 avg. 0.48, JST=0.4-0.98, avg. 0.80), Na2O (DST=0.10-0.62, avg. 
0.37, JST=0.42-0.57, avg. 0.50) and K2O (DST=1.16-2.81, avg. 1.83, JST=2.05-2.71, 
avg. 2.33) (Table 9.1).  
The shales are characterized by lower SiO2 coupled with higher Al2O3 
contents compared to sandstones (Table 9.1). Like sandstones, one sample of Dhrang 
shales, both samples of Jhikadi shales and three samples of Lodai shales, also show 
relatively higher values of CaO due to the presence of large amount of calcitic 
material. The range of CaO in rest of the samples of all formations is steady 
(DSH=1.68-1.69, avg.1.68, JSH=5.86-6.69, avg. 6.28, RSH=0.19-0.28, avg. 0.22, 
LSH=0.18-0.24, avg. 0.20). The shales possess higher values of Fe2O3, K2O, TiO2 and 
Al2O3 compared to sandstones which reflects the association of these elements with 
clay-sized phases (Cardenas et al., 1996; Madhavaraju and Lee, 2010) (Table 9.1). 
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Table 9.1: Whole rock geochemical analysis of Habo Dome clastics, Kachchh, Gujarat. 
Major elements in oxide wt%, trace elements in ppm; total Fe as Fe2O3, Eu/Eu*= 
{EuN/(SmN x GdN)
1/2
}. The Range of variation and average composition of individual 
rock suite is also given. (MIN-Minimum, MAX-Maximum, AVRG-Average). 
ELEMENTS 
DHRANG SANDSTONE JHIKADI SANDSTONE 
(D6) (D20) (D29) MIN MAX AVRG. (J.1.1.1) (J7) (J8) (J10) MIN MAX AVRG. 
SiO2 67.19 90.63 75.90 67.19 90.63 77.91 66.54 78.62 75.41 69.96 66.54 78.62 72.63 
Al2O3 4.01 5.29 10.08 4.01 10.08 6.46 7.09 5.35 10.38 9.86 5.35 10.38 8.17 
TiO2 0.31 0.71 0.68 0.31 0.71 0.56 0.44 0.90 0.96 0.81 0.44 0.96 0.78 
Fe2O3 1.49 1.24 7.24 1.24 7.24 3.33 8.59 4.49 8.84 8.15 4.49 8.84 7.52 
MnO 0.13 0.01 0.01 0.01 0.13 0.05 0.05 0.02 0.02 0.03 0.02 0.05 0.03 
MgO 0.37 0.19 0.89 0.19 0.89 0.48 0.83 0.40 0.97 0.98 0.40 0.98 0.80 
CaO 24.87 0.27 1.73 0.27 24.87 8.96 13.19 7.71 0.41 7.46 0.41 13.19 7.19 
Na2O 0.40 0.10 0.62 0.10 0.62 0.37 0.49 0.42 0.57 0.54 0.42 0.57 0.50 
K2O 1.16 1.52 2.81 1.16 2.81 1.83 2.71 2.05 2.39 2.14 2.05 2.71 2.33 
P2O5 0.06 0.04 0.05 0.04 0.06 0.05 0.06 0.04 0.05 0.07 0.04 0.07 0.06 
K2O/Na2O 2.91 14.81 4.54 2.91 14.81 7.42 5.58 4.94 4.19 3.97 3.97 5.58 4.67 
K2O/Al2O3 0.29 0.29 0.28 0.28 0.29 0.29 0.38 0.38 0.23 0.22 0.22 0.38 0.30 
SiO2/Al2O3 16.74 17.15 7.53 7.53 17.15 13.80 9.38 14.70 7.27 7.10 7.10 14.70 9.61 
Fe2O3/K2O 1.28 0.82 2.58 0.82 2.58 1.56 3.17 2.19 3.70 3.80 2.19 3.80 3.21 
CIA 61.26 69.60 58.41 58.41 69.60 63.09 61.20 60.09 70.94 70.89 60.09 70.94 65.78 
PIA 68.31 84.65 62.99 62.99 84.65 71.99 72.78 70.20 82.46 81.40 70.20 82.46 76.71 
CIW 75.87 88.91 70.92 70.92 88.91 78.57 82.05 80.15 86.25 85.14 80.15 86.25 83.40 
ICV 1.25 0.85 1.48 0.85 1.48 1.19 1.79 1.61 1.31 1.30 1.30 1.79 1.50 
Sc 2.43 3.54 7.86 2.43 7.86 4.61 5.80 5.64 8.74 8.06 5.64 8.74 7.06 
V 14.20 14.83 109.20 14.20 109.20 46.08 82.14 38.42 82.61 95.61 38.42 95.61 74.70 
Co 31.23 30.14 41.08 30.14 41.08 34.15 22.66 49.53 56.68 40.79 22.66 56.68 42.42 
Ni 1.19 5.66 26.94 1.19 26.94 11.26 26.70 14.38 26.88 18.78 14.38 26.88 21.69 
Rb 22.67 29.12 72.18 22.67 72.18 41.32 55.52 40.94 67.47 58.50 40.94 67.47 55.61 
Sr 585.40 95.26 139.50 95.26 585.40 273.39 163.90 114.30 111.30 125.80 111.30 163.90 128.83 
Y 21.36 13.67 15.72 13.67 21.36 16.92 15.60 24.08 16.82 17.55 15.60 24.08 18.51 
Zr 134.50 94.89 221.40 94.89 221.40 150.26 168.60 501.30 358.60 253.40 168.60 501.30 320.48 
Nb 3.47 3.77 6.01 3.47 6.01 4.41 4.25 3.24 11.31 5.05 3.24 11.31 5.96 
Ba 234.00 363.40 614.40 234.00 614.40 403.93 613.50 839.60 569.40 426.20 426.20 839.60 612.18 
La 25.14 25.12 37.47 25.12 37.47 29.24 26.03 46.27 34.81 31.69 26.03 46.27 34.70 
Ce 48.96 49.51 82.52 48.96 82.52 60.33 57.43 95.82 73.00 68.61 57.43 95.82 73.72 
Pr 5.19 5.23 7.73 5.19 7.73 6.05 5.51 9.60 7.01 6.67 5.51 9.60 7.20 
Nd 21.93 21.70 33.42 21.70 33.42 25.68 23.69 40.41 29.71 28.44 23.69 40.41 30.56 
Sm 4.26 4.15 5.69 4.15 5.69 4.70 4.39 7.38 5.22 5.25 4.39 7.38 5.56 
Eu 1.00 0.90 1.07 0.90 1.07 0.99 0.96 1.12 0.88 0.96 0.88 1.12 0.98 
Gd 3.50 3.24 4.05 3.24 4.05 3.60 3.21 5.42 3.73 3.82 3.21 5.42 4.04 
Tb 0.61 0.52 0.64 0.52 0.64 0.59 0.55 0.88 0.62 0.64 0.55 0.88 0.67 
Dy 3.48 2.79 3.31 2.79 3.48 3.19 2.95 4.67 3.34 3.42 2.95 4.67 3.60 
Ho 0.71 0.54 0.63 0.54 0.71 0.63 0.58 0.90 0.66 0.68 0.58 0.90 0.71 
Er 1.98 1.56 1.86 1.56 1.98 1.80 1.75 2.74 2.06 2.04 1.75 2.74 2.15 
Tm 0.28 0.22 0.27 0.22 0.28 0.25 0.26 0.42 0.32 0.31 0.26 0.42 0.33 
Yb 1.53 1.26 1.72 1.26 1.72 1.51 1.54 2.72 2.10 1.93 1.54 2.72 2.07 
Lu 0.23 0.19 0.27 0.19 0.27 0.23 0.24 0.44 0.33 0.31 0.24 0.44 0.33 
Hf 3.80 2.61 5.98 2.61 5.98 4.13 4.81 12.98 9.66 6.90 4.81 12.98 8.59 
Ta 1.19 1.14 0.74 0.74 1.19 1.02 0.91 1.09 3.49 0.58 0.58 3.49 1.52 
Th 7.95 14.40 18.67 7.95 18.67 13.67 13.51 23.57 19.35 17.15 13.51 23.57 18.40 
U 0.85 1.01 2.55 0.85 2.55 1.47 1.76 3.08 2.58 2.01 1.76 3.08 2.36 
La/Sc 10.37 7.09 4.77 4.77 10.37 7.41 4.49 8.21 3.98 3.93 3.93 8.21 5.15 
Th/Sc 3.28 4.06 2.38 2.38 4.06 3.24 2.33 4.18 2.21 2.13 2.13 4.18 2.71 
Zr/Sc 55.46 26.78 28.19 26.78 55.46 36.81 29.06 88.93 41.01 31.44 29.06 88.93 47.61 
Th/U 9.35 14.20 7.32 7.32 14.20 10.29 7.68 7.66 7.49 8.53 7.49 8.53 7.84 
Eu/Eu* 0.79 0.75 0.68 0.68 0.79 0.74 0.78 0.54 0.61 0.66 0.54 0.78 0.65 
Gd/Yb)N 1.89 2.12 1.95 1.89 2.12 1.99 1.72 1.65 1.47 1.63 1.47 1.72 1.62 
(La/Sm)N 3.81 3.90 4.25 3.81 4.25 3.99 3.83 4.05 4.31 3.90 3.83 4.31 4.02 
(La/Yb)N 11.78 14.27 15.61 11.78 15.61 13.88 12.12 12.22 11.91 11.75 11.75 12.22 12.00 
La/Th 3.16 1.74 2.01 1.74 3.16 2.30 1.93 1.96 1.80 1.85 1.80 1.96 1.88 
Th/Co 0.25 0.48 0.45 0.25 0.48 0.40 0.60 0.48 0.34 0.42 0.34 0.60 0.46 
Co/Th 3.93 2.09 2.20 2.09 3.93 2.74 1.68 2.10 2.93 2.38 1.68 2.93 2.27 
∑REE 118.79 116.94 180.65 116.94 180.65 138.79 129.09 218.77 163.79 154.78 129.09 218.77 166.61 
LREE/HREE 8.57 10.24 13.08 8.57 13.08 10.63 10.57 10.97 11.37 10.70 10.57 11.37 10.90 
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ELEMENTS 
DHRANG SHALE JHIKADI SHALE 
(D11) (D12) (D13) MIN MAX AVRG. (J14) (J14A) MIN MAX AVRG. 
SiO2 59.78 61.95 61.92 59.78 61.95 61.22 73.57 73.73 73.57 73.73 73.65 
Al2O3 17.99 21.86 21.80 17.99 21.86 20.55 8.02 9.03 8.02 9.03 8.53 
TiO2 1.04 1.29 1.29 1.04 1.29 1.21 0.65 0.60 0.60 0.65 0.62 
Fe2O3 9.49 8.51 8.54 8.51 9.49 8.85 7.57 6.77 6.77 7.57 7.17 
MnO 0.09 0.04 0.04 0.04 0.09 0.06 0.02 0.02 0.02 0.02 0.02 
MgO 1.78 1.84 1.86 1.78 1.86 1.83 0.81 0.88 0.81 0.88 0.84 
CaO 7.00 1.69 1.68 1.68 7.00 3.46 6.69 5.86 5.86 6.69 6.28 
Na2O 0.40 0.30 0.32 0.30 0.40 0.34 0.42 0.48 0.42 0.48 0.45 
K2O 1.96 2.36 2.38 1.96 2.38 2.23 2.19 2.57 2.19 2.57 2.38 
P2O5 0.46 0.17 0.16 0.16 0.46 0.26 0.05 0.06 0.05 0.06 0.06 
K2O/Na2O 4.84 7.96 7.35 4.84 7.96 6.71 5.20 5.40 5.20 5.40 5.30 
K2O/Al2O3 0.11 0.11 0.11 0.11 0.11 0.11 0.27 0.28 0.27 0.28 0.28 
SiO2/Al2O3 3.32 2.83 2.84 2.83 3.32 3.00 9.17 8.16 8.16 9.17 8.67 
Fe2O3/K2O 4.85 3.60 3.60 3.60 4.85 4.02 3.46 2.63 2.63 3.46 3.05 
CIA 84.06 78.17 77.98 77.98 84.06 80.07 68.34 67.71 67.71 68.34 68.03 
PIA 92.49 84.49 84.31 84.31 92.49 87.09 80.80 80.45 80.45 80.80 80.63 
CIW 93.31 86.05 85.90 85.90 93.31 88.42 85.67 85.62 85.62 85.67 85.65 
ICV 0.86 0.82 0.83 0.82 0.86 0.84 1.43 1.29 1.29 1.43 1.36 
Sc 21.79 24.71 19.40 19.40 24.71 21.97 6.56 6.02 6.02 6.56 6.29 
V 161.10 211.00 151.50 151.50 211.00 174.53 98.08 100.80 98.08 100.80 99.44 
Co 26.09 29.02 30.54 26.09 30.54 28.55 28.69 28.12 28.12 28.69 28.41 
Ni 31.82 51.99 53.79 31.82 53.79 45.87 17.34 19.30 17.34 19.30 18.32 
Rb 88.40 114.40 82.51 82.51 114.40 95.10 53.98 61.18 53.98 61.18 57.58 
Sr 192.00 92.44 205.70 92.44 205.70 163.38 112.70 124.00 112.70 124.00 118.35 
Y 58.56 37.96 31.19 31.19 58.56 42.57 15.44 11.55 11.55 15.44 13.50 
Zr 213.40 237.20 210.60 210.60 237.20 220.40 257.00 170.30 170.30 257.00 213.65 
Nb 8.63 13.81 10.35 8.63 13.81 10.93 5.49 3.89 3.89 5.49 4.69 
Ba 123.80 145.50 122.20 122.20 145.50 130.50 519.30 572.60 519.30 572.60 545.95 
La 59.39 47.42 48.54 47.42 59.39 51.78 28.56 20.58 20.58 28.56 24.57 
Ce 154.50 107.00 107.10 107.00 154.50 122.87 59.60 42.86 42.86 59.60 51.23 
Pr 16.08 10.91 10.14 10.14 16.08 12.38 5.71 4.15 4.15 5.71 4.93 
Nd 70.11 46.86 43.77 43.77 70.11 53.58 24.30 17.90 17.90 24.30 21.10 
Sm 15.85 9.63 8.34 8.34 15.85 11.27 4.32 3.23 3.23 4.32 3.78 
Eu 3.72 2.19 1.75 1.75 3.72 2.56 0.81 0.75 0.75 0.81 0.78 
Gd 12.93 7.65 6.35 6.35 12.93 8.98 3.17 2.33 2.33 3.17 2.75 
Tb 2.32 1.39 1.12 1.12 2.32 1.61 0.54 0.40 0.40 0.54 0.47 
Dy 12.51 7.77 6.31 6.31 12.51 8.87 2.93 2.21 2.21 2.93 2.57 
Ho 2.34 1.51 1.25 1.25 2.34 1.70 0.58 0.44 0.44 0.58 0.51 
Er 6.49 4.38 3.76 3.76 6.49 4.87 1.80 1.36 1.36 1.80 1.58 
Tm 0.84 0.64 0.55 0.55 0.84 0.68 0.28 0.21 0.21 0.28 0.24 
Yb 4.81 3.91 3.22 3.22 4.81 3.98 1.78 1.32 1.32 1.78 1.55 
Lu 0.72 0.61 0.50 0.50 0.72 0.61 0.29 0.21 0.21 0.29 0.25 
Hf 6.27 6.74 6.01 6.01 6.74 6.34 7.02 4.81 4.81 7.02 5.91 
Ta 0.41 1.82 1.29 0.41 1.82 1.17 0.85 0.53 0.53 0.85 0.69 
Th 17.23 19.57 18.67 17.23 19.57 18.49 15.24 12.13 12.13 15.24 13.69 
U 1.97 2.07 1.75 1.75 2.07 1.93 2.09 1.43 1.43 2.09 1.76 
La/Sc 2.73 1.92 2.50 1.92 2.73 2.38 4.35 3.42 3.42 4.35 3.89 
Th/Sc 0.79 0.79 0.96 0.79 0.96 0.85 2.32 2.01 2.01 2.32 2.17 
Zr/Sc 9.79 9.60 10.86 9.60 10.86 10.08 39.16 28.29 28.29 39.16 33.72 
Th/U 8.76 9.46 10.68 8.76 10.68 9.64 7.30 8.51 7.30 8.51 7.91 
Eu/Eu* 0.79 0.78 0.74 0.74 0.79 0.77 0.67 0.83 0.67 0.83 0.75 
Gd/Yb)N 2.22 1.62 1.63 1.62 2.22 1.82 1.47 1.46 1.46 1.47 1.46 
(La/Sm)N 2.42 3.18 3.76 2.42 3.76 3.12 4.27 4.11 4.11 4.27 4.19 
(La/Yb)N 8.85 8.70 10.80 8.70 10.80 9.45 11.51 11.17 11.17 11.51 11.34 
La/Th 3.45 2.42 2.60 2.42 3.45 2.82 1.87 1.70 1.70 1.87 1.79 
Th/Co 0.66 0.67 0.61 0.61 0.67 0.65 0.53 0.43 0.43 0.53 0.48 
Co/Th 1.51 1.48 1.64 1.48 1.64 1.54 1.88 2.32 1.88 2.32 2.10 
∑REE 362.60 251.86 242.72 242.72 362.60 285.73 134.65 97.94 97.94 134.65 116.30 
LREE/HREE 7.36 7.96 9.44 7.36 9.44 8.25 10.79 10.47 10.47 10.79 10.63 
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ELEMENTS 
RUDRAMATA SHALE LODAI SHALE 
(R1) (R2) (R3) (R4) (R5) (R6) MIN MAX AVRG. (L1) (L3) (L4) (L5) (L6) (L8) MIN MAX AVRG. 
SiO2 60.41 62.64 62.39 62.72 63.70 61.55 60.41 63.70 62.24 68.14 74.60 41.82 73.47 73.96 79.44 41.82 79.44 68.57 
Al2O3 27.44 29.11 28.64 27.48 26.06 27.29 26.06 29.11 27.67 12.68 11.00 14.35 20.11 20.15 13.21 11.00 20.15 15.25 
TiO2 1.47 1.53 1.52 1.48 1.44 1.44 1.44 1.53 1.48 0.30 0.07 0.65 1.18 1.29 0.75 0.07 1.29 0.71 
Fe2O3 7.13 2.89 3.87 4.34 5.12 6.17 2.89 7.13 4.92 0.54 1.38 0.77 2.11 1.16 3.30 0.54 3.30 1.54 
MnO 0.03 0.01 0.01 0.02 0.04 0.01 0.01 0.04 0.02 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.02 0.01 
MgO 0.85 0.89 0.81 0.97 0.84 0.80 0.80 0.97 0.86 0.31 0.14 0.95 0.58 0.59 0.23 0.14 0.95 0.47 
CaO 0.19 0.20 0.20 0.23 0.28 0.24 0.19 0.28 0.22 17.27 12.40 40.04 0.20 0.24 0.18 0.18 40.04 11.72 
Na2O 0.29 0.49 0.33 0.50 0.20 0.22 0.20 0.50 0.34 0.06 0.01 0.09 0.22 0.16 0.13 0.01 0.22 0.11 
K2O 2.02 2.07 2.07 2.12 2.14 2.07 2.02 2.14 2.08 0.65 0.36 1.27 2.04 2.38 2.68 0.36 2.68 1.56 
P2O5 0.16 0.17 0.16 0.13 0.17 0.21 0.13 0.21 0.17 0.04 0.04 0.06 0.07 0.06 0.06 0.04 0.07 0.06 
K2O/Na2O 6.96 4.23 6.20 4.24 10.98 9.30 4.23 10.98 6.99 10.62 25.62 14.28 9.23 14.57 21.11 9.23 25.62 15.90 
K2O/Al2O3 0.07 0.07 0.07 0.08 0.08 0.08 0.07 0.08 0.08 0.05 0.03 0.09 0.10 0.12 0.20 0.03 0.20 0.10 
SiO2/Al2O3 2.20 2.15 2.18 2.28 2.44 2.26 2.15 2.44 2.25 5.37 6.78 2.91 3.65 3.67 6.01 2.91 6.78 4.73 
Fe2O3/K2O 3.52 1.40 1.87 2.05 2.39 2.98 1.40 3.52 2.37 0.82 3.89 0.61 1.04 0.49 1.23 0.49 3.89 1.35 
CIA 90.12 89.55 90.11 88.67 89.21 89.99 88.67 90.12 89.61 93.35 96.24 89.63 87.30 86.03 79.39 79.39 96.24 88.66 
PIA 96.89 95.90 96.71 95.39 96.64 96.94 95.39 96.94 96.41 98.39 99.59 97.86 96.18 96.22 95.18 95.18 99.59 97.24 
CIW 97.13 96.21 96.96 95.76 96.93 97.19 95.76 97.19 96.70 98.48 99.60 98.06 96.58 96.69 96.20 96.20 99.60 97.60 
ICV 0.42 0.33 0.34 0.39 0.40 0.40 0.33 0.42 0.38 0.19 0.16 0.38 0.36 0.36 0.54 0.16 0.54 0.33 
Sc 16.74 14.30 14.99 14.52 17.09 16.47 14.30 17.09 15.69 3.19 0.57 7.22 14.41 13.03 6.96 0.57 14.41 7.56 
V 165.70 138.60 148.80 140.20 147.40 156.80 138.60 165.70 149.58 12.49 6.90 45.39 124.00 91.31 58.67 6.90 124.00 56.46 
Co 25.72 69.83 23.28 22.61 33.46 21.35 21.35 69.83 32.71 38.50 46.62 19.03 29.90 21.37 22.78 19.03 46.62 29.70 
Ni 53.43 35.31 28.13 33.58 45.53 40.08 28.13 53.43 39.34 3.74 13.49 18.10 30.86 24.04 18.07 3.74 30.86 18.05 
Rb 87.84 87.69 94.03 92.44 97.29 91.33 87.69 97.29 91.77 13.96 7.38 30.50 64.57 79.83 68.16 7.38 79.83 44.07 
Sr 142.90 214.30 161.70 133.90 157.50 244.90 133.90 244.90 175.87 137.10 84.75 500.40 105.90 93.37 99.40 84.75 500.40 170.15 
Y 37.52 33.79 34.23 36.01 40.29 34.49 33.79 40.29 36.06 6.46 2.21 14.95 23.07 24.21 10.73 2.21 24.21 13.60 
Zr 276.30 265.60 316.30 278.10 270.30 268.60 265.60 316.30 279.20 105.10 34.29 123.80 315.60 314.90 174.60 34.29 315.60 178.05 
Nb 18.39 19.52 22.17 17.37 18.70 19.65 17.37 22.17 19.30 5.77 0.51 8.06 16.35 17.03 5.46 0.51 17.03 8.86 
Ba 325.30 354.90 342.30 345.00 348.40 359.80 325.30 359.80 345.95 156.50 85.15 3042.00 436.60 461.40 632.00 85.15 3042.00 802.28 
La 57.92 65.47 58.92 55.17 55.92 56.45 55.17 65.47 58.31 12.77 4.61 27.96 52.20 48.74 25.18 4.61 52.20 28.58 
Ce 118.50 129.10 114.90 106.30 114.00 114.10 106.30 129.10 116.15 22.79 8.07 48.98 114.80 99.61 46.44 8.07 114.80 56.78 
Pr 11.49 12.45 11.28 10.67 11.14 11.10 10.67 12.45 11.36 2.49 0.83 6.08 10.07 9.11 4.75 0.83 10.07 5.55 
Nd 48.74 52.05 47.01 44.39 46.61 46.31 44.39 52.05 47.52 10.13 3.35 23.34 44.38 38.61 19.40 3.35 44.38 23.20 
Sm 9.13 9.24 8.42 8.08 8.99 8.48 8.08 9.24 8.72 1.87 0.62 5.81 7.62 6.81 3.53 0.62 7.62 4.38 
Eu 1.96 1.94 1.77 1.77 2.01 1.87 1.77 2.01 1.89 0.27 0.13 1.43 1.51 1.35 0.66 0.13 1.51 0.89 
Gd 7.14 6.89 6.45 6.36 7.39 6.63 6.36 7.39 6.81 1.45 0.47 3.53 5.70 5.06 2.48 0.47 5.70 3.12 
Tb 1.26 1.16 1.11 1.11 1.29 1.14 1.11 1.29 1.18 0.23 0.08 0.61 0.92 0.84 0.40 0.08 0.92 0.51 
Dy 7.07 6.35 6.18 6.31 7.28 6.40 6.18 7.28 6.60 1.19 0.44 3.23 4.70 4.58 2.07 0.44 4.70 2.70 
Ho 1.40 1.22 1.25 1.27 1.43 1.26 1.22 1.43 1.30 0.24 0.08 0.61 0.87 0.88 0.38 0.08 0.88 0.51 
Er 4.18 3.63 3.70 3.81 4.08 3.71 3.63 4.18 3.85 0.73 0.24 1.78 2.61 2.68 1.17 0.24 2.68 1.53 
Tm 0.61 0.52 0.54 0.56 0.57 0.53 0.52 0.61 0.56 0.11 0.04 0.25 0.38 0.40 0.17 0.04 0.40 0.22 
Yb 3.68 3.12 3.24 3.40 3.43 3.40 3.12 3.68 3.38 0.63 0.23 1.52 2.43 2.46 1.09 0.23 2.46 1.39 
Lu 0.56 0.48 0.50 0.52 0.53 0.50 0.48 0.56 0.51 0.10 0.04 0.24 0.38 0.39 0.17 0.04 0.39 0.22 
Hf 7.48 7.09 7.80 7.16 7.20 7.01 7.01 7.80 7.29 3.05 1.03 3.89 7.86 8.28 4.86 1.03 8.28 4.83 
Ta 2.32 2.57 2.81 0.92 2.43 2.04 0.92 2.81 2.18 5.85 0.93 1.81 2.67 2.18 1.38 0.93 5.85 2.47 
Th 23.65 24.15 23.70 23.60 22.56 22.03 22.03 24.15 23.28 6.96 2.71 10.75 20.12 20.70 12.29 2.71 20.70 12.26 
U 3.40 3.28 3.41 3.32 3.31 3.19 3.19 3.41 3.32 0.78 0.29 1.75 3.05 3.00 1.89 0.29 3.05 1.79 
La/Sc 3.46 4.58 3.93 3.80 3.27 3.43 3.27 4.58 3.74 4.01 8.13 3.87 3.62 3.74 3.62 3.62 8.13 4.50 
Th/Sc 1.41 1.69 1.58 1.63 1.32 1.34 1.32 1.69 1.49 2.18 4.78 1.49 1.40 1.59 1.77 1.40 4.78 2.20 
Zr/Sc 16.51 18.57 21.10 19.15 15.82 16.31 15.82 21.10 17.91 32.98 60.48 17.14 21.90 24.17 25.08 17.14 60.48 30.29 
Th/U 6.97 7.37 6.94 7.10 6.82 6.91 6.82 7.37 7.02 8.88 9.49 6.16 6.61 6.90 6.50 6.16 9.49 7.42 
Eu/Eu* 0.74 0.74 0.73 0.76 0.75 0.76 0.73 0.76 0.75 0.51 0.71 0.96 0.70 0.70 0.68 0.51 0.96 0.71 
Gd/Yb)N 1.60 1.83 1.64 1.55 1.78 1.61 1.55 1.83 1.67 1.91 1.73 1.92 1.94 1.70 1.88 1.70 1.94 1.85 
(La/Sm)N 4.10 4.57 4.52 4.41 4.02 4.30 4.02 4.57 4.32 4.40 4.80 3.11 4.42 4.62 4.60 3.11 4.80 4.33 
(La/Yb)N 11.29 15.04 13.03 11.63 11.69 11.90 11.29 15.04 12.43 14.59 14.63 13.19 15.40 14.23 16.52 13.19 16.52 14.76 
La/Th 2.45 2.71 2.49 2.34 2.48 2.56 2.34 2.71 2.50 1.84 1.70 2.60 2.59 2.35 2.05 1.70 2.60 2.19 
Th/Co 0.92 0.35 1.02 1.04 0.67 1.03 0.35 1.04 0.84 0.18 0.06 0.56 0.67 0.97 0.54 0.06 0.97 0.50 
Co/Th 1.09 2.89 0.98 0.96 1.48 0.97 0.96 2.89 1.40 5.53 17.18 1.77 1.49 1.03 1.85 1.03 17.18 4.81 
∑REE 273.63 293.62 265.27 249.72 264.65 261.88 249.72 293.62 268.13 54.99 19.22 125.36 248.58 221.51 107.91 19.22 248.58 129.59 
LREE/HREE 9.49 11.48 10.47 9.63 9.11 10.03 9.11 11.48 10.04 10.73 10.84 9.53 12.73 11.74 12.51 9.53 12.73 11.35 
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Because of the immobile nature of Al2O3 during the processes of weathering, 
diagenesis and metamorphism (Bauluz et al., 2000), major element abundances of 
each lithology are plotted against their Al2O3 contents to verify their pristine 
geochemical character as well as host minerals (Figure 9.1). It is evident from figure 
9.1, that there is a strong positive correlation of MgO, K2O, TiO2, and P2O5 with 
Al2O3 and negative correlation with SiO2 but CaO, Na2O and MnO do not show any 
defined trend. The strong correlations of the major oxides with the Al2O3 suggests that 
their concentrations are primary and they are associated with micaceous/ clay 
minerals (Das et al., 2006). But CaO, Na2O and MnO abundances have undergone 
redistribution process.    
Various classification schemes are employed for characterizing sandstones 
which take into account different geochemical parameters ranging from major oxides 
to their inter element ratios (Wedepohl, 1991; Condie, 1993). In the geochemical 
classification diagram of Pettijohn et al., (1987) majority of the Habo samples occupy 
arkose and subarkose fields (Figure 9.2A). Herron (1988), modified the diagram of 
Pettijohn et al., (1987), using log (Fe2O3/K2O) along the y-axis instead of log 
(Na2O/K2O) (Figure 9.2B) which enabled successful classification even of arkoses 
because Fe2O3/K2O ratio remains more stable due to the resistant nature of Fe-bearing 
minerals compared to Na-feldspar during chemical weathering. A further advantage 
of the Heron’s classification is that, it can be simultaneously used to distinguish 
shales, sandstones, arkose and carbonate rocks. In Herron’s diagram the shales are 
predominantly confined to shale and wacke fields while sandstones plot in litharenite 
and subarkose fields (Figure 9.2B). 
9.4.2 Trace Element  
9.4.2.1 Large Ion Lithophile Elements (LILEs): Rb, Ba, Sr, Th, U 
The LILE (Rb, Ba, Sr, Th, and U) abundances in the rock samples of Habo 
Dome show significant variations. Amongst shales DSH is characterized by highest 
abundance of Rb (avg. 95.10) coupled with lowest concentration of Ba (avg. 130.50) 
while LSH shows lowest Rb (avg. 44.07) and Th (avg. 12.26) content but highest Ba 
content (avg. 802.28), RSH have highest abundance of Sr (avg. 175.87), Th (avg. 
23.28) and U (avg. 3.32) while JSH have the lowest concentration of Sr (avg. 118.35)  
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and U (avg. 1.76). Within sandstones the LILEs show an increasing trend from DST 
to JST for all elements except Sr which displays negative trend. It suggests that there 
is decrease in plagioclase content with concomitant increase in K-feldspar from 
Dhrang to Jhikadi Sandstone. LILEs show good positive correlation particularly of 
Rb, Ba, Th and U with K2O (Figure 9.1) which is consistent with the petrographic 
abundance of feldspar. The proportions of Th and U in the Habo Dome Sandstones 
appear to have been controlled by phyllosilicates as the two elements show high 
positive correlation with each other (rDST=0.85, rJST=0.97) as well as with Al2O3 
except  JST (rDST=0.90,  rJST= -0.31) (Table 9.2). Th also shows strong positive 
correlation with TiO2 and Nb (rDST =0.88, rDSH =0.92, rJST=0.82, rRSH=0.88, rLSH=0.99 
and rDST=0.53, rDSH=0.75, rJST=0.47, rRSH=0.42, rLSH=0.95, respectively) implying that 
it may be controlled by clays and/or other phases (e.g., Ti- and Nb-bearing phases) 
associated with clay minerals. Rb and Ba are strongly positively correlated with each 
other (except JST and LSH) ( rDST=0.98,  rDSH=0.99, r JST= -0.77, rRSH=0.19, rLSH= -
0.05) as well as with K2O ( rDST=0.99,  rDSH=0.31, rJST=0.43, rRSH=0.78,  rLSH=0.97 
and  rDST=0.99,  rDSH =0.42, rJST= -0.20, rRSH=0.44,  rLSH=0.03 respectively) (Table 
9.2). 
 
9.4.2.2 Transitional Trace Elements (TTEs): Sc, V, Cr, Co, Ni 
The transitional trace elements (TTE) like Sc, V, Cr, Co and Ni are hosted by 
mafic minerals and behave similarly during magmatic processes and get mutually 
fractionated. There is a marked variation among the shales and sandstones in their 
TTEs. There is an increasing trend of V, Co, Ni and Sc from DST to JST while in 
shales DSH and RSH have higher concentration of TTEs compared to JSH and LSH. 
Furthermore, shales are more enriched in TTE compared to associated sandstone 
suggesting the incorporation of mafic minerals in fine fractions or phyllosilicate 
control on the TTE abundances. 
9.4.2.3 High Field Strength Elements (HFSEs): Zr, Hf, Nb, Ta, Y  
 HFSE are partitioned into melts during fractional crystallization and anatexis 
and these elements are enriched in felsic rather than mafic rocks. (Feng and Kerrich, 
1990, Bauluz et al., 2000). Additionally, they are thought to reflect provenance  
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Figure 9.1: Al2O3 versus major elements and K2O versus Rb, Ba, Th, U and Sr 
diagram to ascertain primary geochemical abundance of different elements of 
the Habo Dome clastics, Kachchh, Gujarat. 
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(A) 
 
 
(B) 
Figure 9.2: Geochemical classification of Habo Dome clastics based on (A) Log 
(SiO2/ Al2O3) versus Log (Na2O/K2O) diagram of Pettijohn et al., (1972), and (B) 
the Log (SiO2/Al2O3) versus Log (Fe2O3/K2O) diagram of Herron (1988). 
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Table 9.2: Correlation coefficient matrix for Habo Dome clastics, Kachchh, Gujarat. 
DHRANG SANDSTONE (DST) 
 ELEMENTS SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Rb Sr Ba Th Zr Hf Y Nb Sc V Co Ni U 
SiO2 1.00                                             
Al2O3 0.05 1.00                                           
TiO2 0.83 0.60 1.00                                         
Fe2O3 -0.18 0.97 0.40 1.00                                       
MnO -0.77 -0.67 -1.00 -0.48 1.00                                     
MgO -0.39 0.90 0.19 0.98 -0.28 1.00                                   
CaO -0.82 -0.62 -1.00 -0.42 1.00 -0.21 1.00                                 
Na2O -0.69 0.69 -0.17 0.84 0.07 0.94 0.14 1.00                               
K2O 0.06 0.99 0.61 0.97 -0.68 0.90 -0.63 0.68 1.00                             
P2O5 -0.99 -0.22 -0.91 0.02 0.87 0.23 0.90 0.56 -0.23 1.00                           
Rb -0.03 0.99 0.54 0.99 -0.61 0.93 -0.56 0.74 0.99 -0.14 1.00                         
Sr -0.83 -0.60 -1.00 -0.39 1.00 -0.19 1.00 0.17 -0.61 0.91 -0.53 1.00                       
Ba 0.19 0.99 0.71 0.93 -0.77 0.83 -0.73 0.58 0.99 -0.35 0.98 -0.71 1.00                     
Th 0.47 0.90 0.88 0.78 -0.92 0.63 -0.90 0.31 0.91 -0.61 0.87 -0.88 0.96 1.00                   
Zr -0.44 0.87 0.13 0.96 -0.23 1.00 -0.16 0.95 0.87 0.29 0.91 -0.13 0.79 0.58 1.00                 
Hf -0.48 0.85 0.09 0.95 -0.18 0.99 -0.11 0.97 0.85 0.33 0.89 -0.09 -0.09 0.54 0.99 1.00               
Y -0.92 -0.45 -0.98 -0.22 0.96 -0.01 0.98 0.34 -0.45 0.97 -0.37 0.98 -0.57 -0.79 0.05 0.09 1.00             
Nb -0.04 0.99 0.53 0.99 -0.60 0.93 -0.55 0.75 1.00 -0.13 1.00 -0.52 0.97 0.86 0.91 0.89 -0.36 1.00           
Sc 0.05 0.99 0.60 0.97 -0.67 0.90 -0.62 0.69 1.00 -0.21 1.00 -0.60 0.99 0.90 0.87 0.85 -0.44 1.00 1.00         
V -0.14 0.98 0.44 1.00 -0.52 0.97 -0.46 0.81 0.98 -0.02 0.99 -0.43 0.94 0.81 0.95 0.94 -0.27 0.99 0.98 1.00       
Co -0.24 0.96 0.96 1.00 -0.43 0.99 -0.37 0.87 0.96 0.07 0.98 -0.34 0.91 0.74 0.98 0.96 -0.17 0.98 0.96 1.00 1.00     
Ni 0.02 0.99 0.99 0.98 -0.65 0.91 -0.59 0.71 1.00 -0.18 1.00 -0.57 0.98 0.89 0.89 0.87 -0.41 1.00 1.00 0.99 0.97 1.00   
U -0.06 0.99 0.51 0.99 -0.59 0.94 -0.53 0.76 0.99 -0.11 1.00 -0.51 0.97 0.85 0.92 0.90 -0.34 1.00 0.99 1.00 0.98 1.00 1.00 
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JHIKADI SANDSTONE (JST) 
ELEMENTS SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Rb Sr Ba Th Zr Hf Y Nb Sc V Co Ni U 
SiO2 1.00                                             
Al2O3 -0.23 1.00                                           
TiO2 0.85 0.29 1.00                                         
Fe2O3 -0.69 0.78 -0.33 1.00                                       
MnO -0.92 -0.18 -0.98 0.37 1.00                                     
MgO -0.58 0.92 -0.11 0.95 0.20 1.00                                   
CaO -0.62 -0.60 -0.87 -0.12 0.87 -0.28 1.00                                 
Na2O -0.30 0.99 0.18 0.87 -0.10 0.95 -0.56 1.00                               
K2O -0.69 0.09 -0.76 0.67 0.67 0.41 0.36 0.26 1.00                             
P2O5 -0.77 0.51 -0.38 0.57 0.56 0.68 0.31 0.48 0.13 1.00                           
Rb -0.35 0.93 0.06 0.92 -0.03 0.94 -0.51 0.98 0.43 0.38 1.00                         
Sr -0.87 -0.24 -1.00 0.38 0.98 0.16 0.84 -0.12 0.79 0.40 -0.01 1.00                       
Ba 0.62 -0.86 0.11 -0.82 -0.27 -0.94 0.14 -0.85 -0.20 -0.87 -0.77 -0.16 1.00                     
Th 0.98 -0.31 0.82 -0.79 -0.86 -0.66 -0.51 -0.41 -0.81 -0.69 -0.49 -0.85 0.63 1.00                   
Zr 0.98 -0.37 0.78 -0.80 -0.84 -0.70 -0.49 -0.45 -0.74 -0.77 -0.50 -0.81 0.70 0.99 1.00                 
Hf 0.99 -0.35 0.79 -0.79 -0.85 -0.68 -0.51 -0.43 -0.73 -0.77 -0.48 -0.82 -0.82 0.99 0.99 1.00               
Y 0.79 -0.66 0.50 -0.98 -0.53 -0.89 -0.06 -0.76 -0.77 -0.60 -0.83 -0.55 0.78 0.89 0.89 0.87 1.00             
Nb 0.19 0.76 0.47 0.58 -0.50 0.61 -0.84 0.80 0.19 -0.14 0.84 -0.42 -0.36 0.01 0.02 0.05 -0.44 1.00           
Sc 0.05 0.96 0.54 0.60 -0.44 0.78 -0.79 0.92 -0.12 0.33 0.84 -0.49 -0.72 -0.04 -0.10 -0.08 -0.45 0.82 1.00         
V -0.73 0.83 -0.28 0.93 0.39 0.97 -0.06 0.86 0.43 0.82 0.83 0.32 -0.97 -0.77 -0.82 -0.81 -0.90 0.40 0.65 1.00       
Co 0.87 0.29 0.29 -0.28 -0.99 -0.10 -0.92 0.20 -0.64 -0.49 0.13 -0.98 0.17 0.80 0.78 0.80 0.45 0.58 0.54 -0.30 1.00     
Ni -0.52 0.50 0.50 0.86 0.33 0.69 -0.10 0.64 0.88 0.13 0.79 0.45 -0.42 -0.69 -0.64 -0.62 -0.87 0.62 0.34 0.61 -0.27 1.00   
U 0.99 -0.35 0.77 -0.76 -0.85 -0.68 -0.52 -0.42 -0.67 -0.82 -0.45 -0.80 0.72 0.98 0.99 1.00 0.85 0.09 -0.09 -0.81 0.80 -0.56 1.00 
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DHRANG SHALE (DSH) 
 ELEMENTS SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Rb Sr Ba Th Zr Hf Y Nb Sc V Co Ni U 
SiO2 1.00                                             
Al2O3 1.00 1.00                                           
TiO2 1.00 1.00 1.00                                         
Fe2O3 -1.00 -1.00 -1.00 1.00                                       
MnO -1.00 -1.00 -1.00 1.00 1.00                                     
MgO 0.98 0.98 0.98 -0.98 -0.98 1.00                                   
CaO -1.00 -1.00 -1.00 1.00 1.00 -0.98 1.00                                 
Na2O -0.97 -0.97 -0.97 0.98 0.98 -0.91 0.97 1.00                               
K2O 1.00 1.00 1.00 -1.00 -1.00 0.99 -1.00 -0.96 1.00                             
P2O5 -1.00 -1.00 -1.00 1.00 1.00 -0.98 1.00 0.97 -1.00 1.00                           
Rb 0.35 0.35 0.33 -0.37 -0.36 0.16 -0.34 -0.55 0.31 -0.33 1.00                         
Sr -0.41 -0.41 -0.39 0.43 0.42 -0.22 0.40 0.61 -0.37 0.39 -1.00 1.00                       
Ba 0.46 0.46 0.44 -0.47 -0.47 0.27 -0.45 -0.64 0.42 -0.43 0.99 -1.00 1.00                     
Th 0.93 0.93 0.92 -0.93 -0.93 0.84 -0.92 -0.99 0.91 -0.92 0.67 -0.72 0.75 1.00                   
Zr 0.42 0.43 0.41 -0.44 -0.44 0.23 -0.41 -0.62 0.39 -0.40 1.00 -1.00 1.00 0.73 1.00                 
Hf 0.17 0.17 0.15 -0.19 -0.18 -0.03 -0.16 -0.39 0.13 -0.14 0.98 -0.97 -0.97 0.52 0.96 1.00               
Y -0.97 -0.97 -0.97 0.96 0.97 -1.00 0.97 0.89 -0.98 0.97 -0.11 0.17 -0.22 -0.81 -0.19 0.08 1.00             
Nb 0.76 0.76 0.75 -0.77 -0.77 0.62 -0.75 -0.89 0.73 -0.75 0.87 -0.90 0.92 0.95 0.91 0.77 -0.58 1.00           
Sc 0.07 0.07 0.05 -0.09 -0.08 -0.13 -0.06 -0.29 0.03 -0.04 0.96 -0.94 0.92 0.43 0.93 0.99 0.18 0.70 1.00         
V 0.37 0.38 0.36 -0.39 -0.39 0.18 -0.36 -0.57 0.34 -0.35 1.00 -1.00 1.00 0.69 1.00 0.98 -0.13 0.89 0.95 1.00       
Co 0.94 0.94 0.94 -0.93 -0.93 0.99 -0.94 -0.84 0.95 -0.95 0.01 -0.07 0.12 0.74 0.08 -0.18 -0.99 0.49 -0.28 0.03 1.00     
Ni 1.00 1.00 1.00 -0.99 -1.00 0.99 -1.00 -0.95 1.00 -1.00 0.27 -0.33 0.38 0.89 0.35 0.09 -0.99 0.70 -0.02 0.29 0.96 1.00   
U -0.19 -0.19 -0.21 0.18 0.18 -0.39 0.21 -0.03 -0.23 0.22 0.85 -0.81 0.78 0.18 0.81 0.93 0.43 0.49 0.97 0.84 -0.52 -0.28 1.00 
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RUDRAMATA SHALE (RSH) 
 ELEMENTS SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Rb Sr Ba Th Zr Hf Y Nb Sc V Co Ni U 
SiO2 1.00                                             
Al2O3 -0.17 1.00                                           
TiO2 0.08 0.92 1.00                                         
Fe2O3 -0.67 -0.61 -0.76 1.00                                       
MnO 0.18 -0.89 -0.69 0.52 1.00                                     
MgO 0.22 0.12 0.28 -0.35 -0.02 1.00                                   
CaO 0.66 -0.80 -0.70 0.09 0.63 -0.08 1.00                                 
Na2O 0.13 0.67 0.75 -0.67 -0.54 0.82 -0.48 1.00                               
K2O 0.92 -0.50 -0.26 -0.37 0.42 0.29 0.85 -0.02 1.00                             
P2O5 -0.13 -0.19 -0.47 0.30 -0.07 -0.75 0.30 -0.66 -0.12 1.00                           
Rb 0.70 -0.58 -0.38 -0.09 0.47 -0.21 0.78 -0.45 0.78 0.02 1.00                         
Sr -0.09 0.26 -0.06 -0.09 -0.51 -0.44 0.03 -0.16 -0.18 0.85 -0.27 1.00                       
Ba 0.51 0.08 -0.06 -0.45 -0.37 -0.09 0.44 0.03 0.44 0.57 0.19 0.77 1.00                     
Th -0.06 0.72 0.88 -0.52 -0.37 0.51 -0.73 0.78 -0.31 -0.73 -0.49 -0.40 -0.43 1.00                   
Zr -0.01 0.35 0.44 -0.22 -0.30 -0.25 -0.35 0.02 -0.16 -0.33 0.30 -0.36 -0.32 0.29 1.00                 
Hf -0.21 0.28 0.41 -0.01 -0.07 -0.30 -0.47 -0.09 -0.35 -0.38 0.14 -0.51 -0.51 0.41 0.90 1.00               
Y 0.24 -0.86 -0.63 0.45 1.00 -0.02 0.63 -0.52 0.45 -0.11 0.51 -0.54 -0.37 -0.33 -0.27 -0.04 1.00             
Nb 0.01 0.51 0.44 -0.32 -0.53 -0.67 -0.30 -0.19 -0.27 0.30 0.15 0.32 0.16 0.07 0.72 0.60 -0.50 1.00           
Sc -0.24 -0.80 -0.84 0.82 0.74 -0.60 0.47 -0.92 -0.01 0.51 0.29 0.00 -0.22 -0.70 -0.26 -0.04 0.71 -0.16 1.00         
V -0.81 -0.32 -0.50 0.91 0.29 -0.57 -0.20 -0.67 -0.64 0.35 -0.22 0.00 -0.53 -0.35 0.03 0.27 0.23 0.03 0.74 1.00       
Co 0.29 0.50 0.50 -0.61 -0.29 0.20 -0.19 0.46 0.01 0.04 -0.41 0.35 0.33 0.48 -0.40 -0.32 -0.24 0.02 -0.42 -0.52 1.00     
Ni -0.45 -0.59 -0.59 0.80 0.71 -0.19 0.14 -0.53 -0.25 0.21 -0.20 -0.14 -0.47 -0.28 -0.54 -0.17 0.67 -0.52 0.80 0.70 -0.10 1.00   
U -0.13 0.17 0.42 -0.02 0.16 0.07 -0.44 0.13 -0.23 -0.70 0.06 -0.81 -0.84 0.62 0.69 0.89 0.20 0.21 -0.10 0.15 -0.20 0.00 1.00 
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LODAI SHALE (LSH) 
 ELEMENTS SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Rb Sr Ba Th Zr Hf Y Nb Sc V Co Ni U 
SiO2 1.00                                             
Al2O3 0.10 1.00                                           
TiO2 0.12 0.95 1.00                                         
Fe2O3 0.58 0.06 0.28 1.00                                       
MnO 0.68 -0.26 -0.04 0.83 1.00                                     
MgO -0.79 0.51 0.50 -0.36 -0.65 1.00                                   
CaO -0.94 -0.43 -0.46 -0.62 -0.59 0.53 1.00                                 
Na2O 0.20 0.91 0.94 0.40 -0.03 0.40 -0.52 1.00                               
K2O 0.31 0.63 0.84 0.67 0.45 0.21 -0.56 0.80 1.00                             
P2O5 -0.27 0.73 0.85 0.31 -0.09 0.74 -0.06 0.82 0.78 1.00                           
Rb 0.34 0.78 0.93 0.56 0.33 0.25 -0.62 0.87 0.97 0.78 1.00                         
Sr -0.98 -0.12 -0.08 -0.41 -0.53 0.79 0.90 -0.16 -0.18 0.36 -0.24 1.00                       
Ba -0.92 -0.02 0.07 -0.24 -0.39 0.82 0.79 -0.02 0.03 0.52 -0.05 0.97 1.00                     
Th 0.14 0.96 1.00 0.26 -0.08 0.48 -0.48 0.96 0.81 0.83 0.91 -0.11 0.03 1.00                   
Zr 0.25 0.97 0.98 0.27 -0.05 0.38 -0.57 0.96 0.78 0.75 0.89 -0.24 -0.11 0.99 1.00                 
Hf 0.19 0.96 0.99 0.25 -0.07 0.44 -0.52 0.95 0.81 0.79 0.91 -0.17 -0.17 1.00 1.00 1.00               
Y -0.05 0.97 0.97 0.09 -0.25 0.65 -0.30 0.91 0.71 0.86 0.82 0.06 0.19 0.98 0.95 0.96 1.00             
Nb 0.04 0.99 0.95 0.01 -0.32 0.56 -0.36 0.90 0.63 0.75 0.77 -0.06 0.03 0.96 0.96 0.96 0.98 1.00           
Sc 0.07 0.97 0.98 0.24 -0.15 0.55 -0.41 0.97 0.77 0.86 0.86 -0.04 0.09 0.99 0.98 0.98 0.98 0.96 1.00         
V 0.18 0.93 0.95 0.39 -0.03 0.43 -0.50 0.98 0.77 0.83 0.86 -0.14 0.01 0.96 0.95 0.94 0.93 0.90 0.98 1.00       
Co 0.36 -0.52 -0.52 -0.22 -0.01 -0.71 -0.08 -0.59 -0.77 -0.89 -0.72 -0.47 -0.62 -0.67 -0.57 -0.64 -0.70 -0.57 -0.66 -0.57 1.00     
Ni 0.12 0.81 0.81 0.43 0.05 0.43 -0.41 0.84 0.67 0.81 0.76 -0.05 0.11 0.82 0.80 0.79 0.83 0.75 0.86 0.92 -0.50 1.00   
U 0.08 0.94 1.00 0.30 -0.06 0.54 -0.42 0.96 0.83 0.89 0.91 -0.04 0.12 0.99 0.97 0.98 0.98 0.94 0.99 0.97 -0.72 0.86 1.00 
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compositions by virtue of their immobile nature (Taylor and McLennan, 1985). 
Among shales, RSH has highest concentration of Zr, Nb and Hf except Y which is 
highest in  DSH (Table 9.1). There is a continuous increase in Zr, Y, Nb and Hf 
contents from DST to JST while in shales, DSH and RSH are more enriched in 
HFSEs compared to JSH and LSH. Zr and Hf behave similarly as attested by their 
high positive correlation coefficient (rDST=0.99, rJST=0.99). The reported value of 
Zr/Hf of terrestrial rocks for zircon crystal is around ~40, which increases with 
differentiation, alkalinity, volatile content and silica undersaturation (Gerasimovskiy 
et al., 1972, Brooks, 1970, Pavlenko et al., 1957). In Habo Dome sediments average 
Zr/Hf ratio varies from 30-40 which suggests that these elements have been controlled 
by zircon.  
9.4.2.4 Rare Earth Elements (REEs):  
REEs are the most important group of elements among trace elements in terms 
of their provenance characterizing utility. In the sedimentary rocks, rare earth 
elements (REEs) are mostly terrigenous and reveal the source rock composition which 
in turn reflects REE distribution of the exposed continental crust (McLennan, 1989). 
It is possible to constrain the role of sedimentary processes in the geochemical 
evolution of the rock suite(s) by comparing the concentration of REE of rock samples 
of cogenetic suites (Coryell et al., 1963). These chemical properties of REE’s make 
them excellent natural probes of particle/solution interaction and redox reactions at 
the earth surfaces.    
In Habo Dome clastics, total REE abundances (∑REE) in the sandstone vary 
from 116.94 to 218.77 ppm (DST:116.94-180.65, avg. 138.79, JST: 129.09-218.77, 
avg.166.61) and in shales from 19.22 to 362.60 ppm (DSH: 242.72-362.60, avg. 
285.73, JSH: 97.94-134.65, avg. 116.30, RSH: 249.72-293.62, avg.268.13, LSH: 
19.22-248.58, avg.129.59). In terms of ∑REE content, DSH posses highest, JSH 
lowest while LSH show largest variation in ∑REE. These variations are also reflected 
in their LREE/HREE ratio (DST: 10.57, JST: 10.9, DSH: 8.25, JSH: 10.63, RSH: 
10.04, LSH: 11.35 (Table 9.1). The chondrite normalized REE patterns of sandstones 
of Habo Dome are characterized by moderately fractionated LREEs (La/Smn=3.81- 
4.25, avg. 3.99: DST, 3.83-4.31, avg. 4.02: JST) with nearly flat HREE pattern  
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(B) 
Figure 9.3: Average chondrite normalized rare earth element (REE) plots for the 
Habo Dome samples. Normalizing values from Sun and McDonough (1989). 
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[(Gd/Yb)n=1.89-2.12, avg. 1.99: DST, 1.47-1.72, avg. 1.62: JST] (Figure 9.3) coupled 
with minor negative Eu anomaly (Eu/Eu*= 0.68-0.79, avg.0.74: DST, 0.54-0.78, avg. 
0.68: JST). On the other hand, chondrite normalized REE patterns of shales of Habo 
Dome are also characterized by fractionated LREEs pattern but the magnitude of 
fractionation is more compared to associated sandstones [(La/Sm)n=2.42-3.76, 
avg.3.12:DSH, 4.11-4.27, avg.4.19: JSH, 2.43-4.57, avg.4.05: RSH, 3.11-4.80, 
avg.4.33:LSH], almost flat HREE patterns  [(Gd/Yb)n=1.62-2.22, avg. 1.82:DSH 
1.46-1.47, avg.1.46:JSH, 1.55-1.83, avg.1.67: RSH 1.70-1.94, avg.1.85:LSH] and 
nearly similar Eu anomaly (Eu/Eu*= 0.74-0.79, avg. 0.77: DSH 0.67-0.83, avg. 0.75: 
JSH, 0.73-0.76, avg. 0.75, RSH, 0.51-.96, avg. 0.71: LSH). Unlike LREE, the shales 
display lesser fractionation of HREE than the associated sandstones (Table 9.1). The 
REEs generally reside in minerals like zircon, monazite, allanite etc. (McLennan, 
1989). The linear correlation between ∑REE and Al2O3 is considered as an indication 
of the control of clay minerals over the abundance of REE (Condie, 1991). The Habo 
Dome samples show nearly positive correlation between REE, Al2O3 and Zr (Table 
9.3). Furthermore geochemical affinity of REE with Y is also observed as they show a 
strong positive correlation with each other (Table 9.3).   
Table 9.3:  Correlation coefficient of rare earth elements with selected major and  
trace elements. 
 Al2O3 TiO2 Y Zr 
∑LREE ∑HREE ∑REE ∑LREE ∑HREE ∑REE ∑LREE ∑HREE ∑REE ∑LREE ∑HREE ∑REE 
Dhrang 
Shale 
-1.00 -0.97 -1.00 -1.00 -0.98 -1.00 0.98 1.00 0.99 -0.38 -0.19 -0.35 
Jhikadi 
Shale 
-1 -1 -1 1.00 1.00 1.00 1 1 1 1 1 1 
Rudramata 
Shale 
0.63 -0.71 0.56 0.57 -0.59 0.51 -0.35 0.89 -0.27 -0.22 -0.37 -0.25 
Lodai 
Shale 
0.98 0.96 0.98 0.97 0.96 0.97 0.98 1.00 0.99 0.97 0.94 0.97 
Dhrang 
Sandstone 
0.98 0.48 0.97 0.43 -0.42 0.41 -0.26 0.57 -0.24 0.95 0.85 0.96 
Jhikadi 
Sandstone 
-0.49 -0.56 -0.50 0.69 0.62 0.69 0.96 0.99 0.97 0.98 0.94 0.97 
 
On the other hand, there exists positive correlations between REE with TiO2 in shales 
except DSH (rJSH= 1, rRSH= 0.51, rLSH= 0.97) and Nb (rDSH=0.75 rJSH= 1, rRSH= 0.44, 
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rLSH= 0.95) (Table 9.3) too. All these correlations suggest that the phyllosilicates, 
zircon, and Ti,- and  Nb- bearing minerals acted as hosts for REE contents in the 
sedimentary rocks of Habo Dome. 
9.5 Comparison of elemental abundance of the Habo Dome samples with average 
Upper Continental Crust (UCC) and Post Archean Average Australian Shale 
(PAAS)  
 The sandstone samples of the Habo Dome were normalized with UCC and 
PAAS. It is evident from figure 9.4A that both DST and JST are depleted in majority 
of elements except SiO2, TiO2, Fe2O3, V, Ni, Ba, and Th compared to UCC.  The 
geochemical abundances of non depleted elements in these sandstones are more or 
less of same magnitude to that of UCC except Co, which is highly enriched. Similarly 
compared to PAAS (Figure 9.4B) the sandstones are almost depleted in all elements 
except SiO2, and Th. JST is also enriched in Fe, Zr and Hf. The Co enrichment is also 
maintained in DST and JST. It suggests that either source terrain contained large 
component of felsic rocks or had good proportions of coarse clastics that were 
recycled to Habo Basin. 
UCC normalized spidergrams of average contents of shales of the Habo Dome 
indicate that DSH and RSH are enriched in majority of elements except MgO, alkalis 
and alkaline elements while JSH and LSH are enriched only in Co, Zr, Hf and Th 
(Figure 9.5A). When compared with PAAS (Figure 9.5B), RSH and DSH show nearly 
similar abundances of all elements except alkali and alkaline elements whereas JSH 
and LSH are depleted in all the elements except SiO2, Co, Zr, Hf and Th.  Relatively 
enriched nature of DSH in CaO may be due to the presence of calcitic material. It is 
also evident from figure 9.5 that DSH and RSH are slightly enriched in transition 
elements as compared to the Jhikadi and Lodai shales. However, TTEs show 
contrasting distributive abundance in Dhrang clastics as Dhrang sandstones are 
depleted while Dhrang shales are enriched in TTE. But contrary to Dhrang Member 
both the shales and sandstones of the Jhikadi Member are depleted in TTEs. 
Furthermore, shales of Rudramata Member are enriched in TTE while shales of Lodai 
Member are relatively depleted. Viewed in the light of nature of geochemical 
abundance of sandstones and shales it is inferred that the source terrain of these 
sediments was felsic in nature more or less similar to PAAS and the alternation of    
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(B) 
Figure 9.4: (A) Upper Continental Crust (UCC) and (B) Post Archean Average 
Australian Shale (PAAS) normalized multielement spiderdiagrams of  major and 
trace element compositions for the Habo Dome Sandstone samples. The 
Normalizing values after Condie (1993). 
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(B) 
Figure 9.5: (A) Upper Continental Crust (UCC) and (B) Post Archean Average 
Australian Shale (PAAS) normalized multielement spiderdiagrams of  major and 
trace element compositions for the Habo Dome Shale samples. Normalizing 
values after Condie (1993). 
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TTE enrichment and depletion is a local phenomenon related to the presence of 
granodiorite because the TTE bears strong positive relationship with Al2O3 indicating 
phyllosilicates as their host minerals and not the common mafic minerals present in 
the basic rocks. Furthermore, the geochemical distribution also indicates the operation 
of two cycles of sedimentation or repetition of same chemical environment because 
the TTE enrichment is cyclic at two stratigraphic levels and not in gradual manner. 
9.6 Paleoweathering    
Palaeoweathering in the source area is one of the most important processes 
affecting the composition of sedimentary rocks. Sedimentary rocks sensu stricto are 
composed merely of weathering products and reflect the composition of weathering 
profiles, rather than bedrock (e.g. Nesbitt et al., 1996). Intensity of chemical 
weathering of source rocks is controlled mainly by source rock composition, duration 
of weathering, climatic conditions and rate of tectonic uplift of source region (e.g., 
Wronkiewicz and Condie, 1987). About 75% of the labile material of the upper crust 
is composed of feldspars and volcanic glass and chemical weathering of these 
materials ultimately results in the formation of clay minerals (e.g., Nesbitt and Young, 
1984, 1989; Taylor and McLennan, 1985; Fedo et al., 1995). During chemical 
weathering Ca, Na and K are largely removed from the source rocks. The proportion 
of these elements surviving in the soil profiles and in the sediments derived from them 
is a sensitive index of the intensity of chemical weathering (Nesbitt et al., 1997). If the 
siliciclastic sedimentary rocks are free from alkali related post-depositional 
modifications, their alkali contents (K2O+Na2O) and K2O/Na2O ratios are considered 
as reliable indicators of intensity of weathering of source material (e.g., Lindsey, 
1999). 
9.6.1 Chemical Index of Alteration (CIA) 
The most widely used chemical index to determine the source area weathering 
is the chemical index of alteration (CIA) proposed by Nesbitt and Young (1982). This 
index, works correctly when Ca, Na, and K decrease as the intensity of weathering 
increases (Duzgoren-Aydin et al., 2002). CIA measures the extent of conversion of 
feldspars to clay minerals (Nesbitt and Young, 1982, 1984) which in turn helps in to 
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reconstruct paleoclimatic conditions (Singh and Lee, 2007; Clift et al., 2008; Cole et 
al., 2009; Singh et al., 2009; Long et al., 2012). CIA is quantitatively determined as  
CIA = [Al2O3/ (Al2O3 + CaO
*
 + Na2O + K2O)] x 100 
Where all oxides are in molecular proportions and CaO* is the amount of CaO 
incorporated in the silicate fraction only. In general, CIA values of about 45-55 
indicate virtually no weathering (the average upper crust has a CIA value of about 47) 
and CIA values of PAAS ranging from 70 to 75 reflect muscovite, illite and smectite 
compositions, and indicate a moderately weathered source, whereas CIA values close 
to 100 are due to highly intense weathering which produces residual clays rich in 
kaolinite and Al oxi-hydroxides. For correct interpretation of chemical weathering it 
is necessary to make a correction to the measured CaO content for the presence of Ca 
in carbonates (calcite, dolomite) and phosphates (apatite). This is normally 
accomplished by calculating corrections from measured CO2 and P2O5% contents. An 
approximate correction for carbonate content can be made by assuming reasonable 
Ca/Na ratios in silicate materials (McLennan et al., 1993). Following this approach, 
CaO was corrected for phosphate using P2O5 in this study, provided that the 
remaining mole fraction of CaO is less than Na2O, for acceptable CaO values. In case 
where CaO > Na2O then CaO* (i.e. in silicate mole fraction) is assumed to be 
equivalent to Na2O. The CIA values of the Habo Dome sandstones are in the range of 
58.41 to 70.94 (DST=58.41-69.60, avg. 63.09, JST=60.09 to 70.94, avg. 65.78) and 
those of shale as 67.71-96.24 (DSH=77.98-84.06, avg.80.07, JSH=67.71-68.34, 
avg.68.03, RSH=88.67-90.12, avg. 89.61, LSH=79.39-96.24, avg.88.66) (Table 9.1). 
A close scrutiny of CIA values of fine sediments of Habo Dome reveals alternating 
high / low trend of this index with stratigraphic younging. 
9.6.2 Plagioclase Index of Alteration (PIA) 
Another good measure to interpret the degree of chemical weathering is 
plagioclase index of alteration. (PIA; Fedo et al., 1995), especially when plagioclase 
weathering needs to be monitored. This index is calculated by the following equation 
(molecular proportions):  
PIA = [(Al2O3 - K2O)/ (Al2O3 + CaO
*
 + Na2O - K2O)] x 100. 
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Where CaO* is the CaO residing only in the silicate fraction. Unweathered 
plagioclase has PIA value of 50 whereas the maximum value of PIA is 100 for 
completely altered material (Kaolinite, Gibbsite). Like CIA, PIA values of the Habo 
Dome clastics show nearly similar variation between 62.99 and 84.65 for sandstones 
(DST=62.99 to 84.65, avg.71.99, JST=70.20 to 82.46, avg. 76.71) and in shales as 
84.31-99.59 (DSH=84.31 to 92.49, avg.87.09, JSH=80.45 to 80.80, avg. 80.63, 
RSH=95.39 to 96.94, avg.96.41, LSH=95.18 to 99.59, avg.97.24) (Table 9.1).   
9.6.3 Chemical Index of Weathering (CIW) 
Harnois (1988) proposed the CIW index (Chemical Index of Weathering) 
which is not sensitive to post depositional K-enrichments as the case with CIA, is a 
molecular immobile/mobile ratio based on the assumption that Al remains in the 
system and accumulates in the residue while Ca and Na are leached away: 
CIW=[Al2O3/(Al2O3+ CaO* + Na2O)] x 100 
where CaO* is the amount of CaO incorporated in the silicate fraction only.  In case 
of CIW potassium is not used because it may be leached or accumulated in the residue 
during weathering. The value of the CIW decreases with depletion of Na and Ca in 
relation to Al during weathering process. The amount of chemical weathering 
experienced by the weathered material can be obtained by the difference between the 
CIW value of source rock and the sediments. Many sediment profiles as well as shales 
undergo diagenetic changes, their alkali content especially the K2O content has been 
found to be altered (Kimberlay and Holland, 1992; Nesbitt and Young, 1989). CIW 
values of Habo Dome sediments follow similar trend like CIA and PIA in terms of 
variation in lithologies of various formations i.e. for sandstones value ranges as  
DST=70.92-88.91 (avg. 78.57), JST=80.15-86.25 (avg. 83.40) and for shales as 
DSH=85.90-93.31 (avg. 88.42), JSH= 85.62-85.67 (avg. 85.65), RSH=95.76-97.19 
(avg. 96.70) and LSH=96.20- 99.60 (avg. 97.24) (Table 9.1).    
On the basis of the CIA, PIA and CIW values of the sandstones and shales of 
the Habo Dome, it is suggested that the sediments have suffered moderate to intense 
degree of chemical weathering under humid climate and most importantly the 
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intensity of chemical weathering particularly adduced from fine sediments show 
cyclic nature i.e. alternatively high and low.  
9.6.4 Index of Compositional Variability (ICV) and K2O / Al2O3 ratio 
The differences in the intensity of chemical weathering in the samples of 
various formations can be obtained with the help of the ratios of the oxides. Clay 
minerals and non-clay silicate minerals are characterized by very different proportions 
of alumina. In view of this, Cox and Lowe (1995) and Cox et al., (1995) proposed use 
of Index of Compositional Variability (ICV) and K2O/Al2O3 ratio. The Index of 
Compositional Variability is calculated by the following formula:  
ICV= (Fe2O3+K2O+Na2O+CaO+MgO+MnO+TiO2)/Al2O3 
 This index measures the abundances of alumina relative to the other major 
cations in a rock or mineral. Silica is excluded to eliminate problems of quartz 
dilution. The non-clay minerals in the original rocks have higher values of ICV than 
do the clay minerals. The clastic rocks with ICV >1 indicate the presence of less clay 
minerals and more rock forming minerals such as plagioclase, K-feldspar, amphiboles 
and lithics which tend to be found in tectonically active setting and are 
characteristically first cycle deposit while those with ICV<1 are compositionally 
mature and are deposited in tectonically quiescent or cratonic environment, where 
sediment recycling is active (Van de Kamp and Leak, 1985, Cox et al., 1995). The 
Habo Dome sandstones possesses average ICV values >1 (i.e DST: 1.19 and JST: 
1.50 while average ICV values of shales are generally <1 (except JSH, i.e. DSH: 0.84, 
JSH: 1.36, RSH: 0.38, LSH: 0.33). Thus, on the basis of average ICV values, the 
Habo Dome sandstones are compositionally immature while shales are mature.  
The K2O/Al2O3 ratio of sediments can be used as an indicator of the original 
composition of ancient sediments. The K2O/Al2O3 ratios for clay minerals and 
feldspars are different (0.0 to 0.3, 0.3 to 0.9, respectively; Cox et al., 1995). 
K2O/Al2O3 ratios indicate how much of alkali feldspar versus plagioclase and clay 
minerals were present in the original rock (Cox et al., 1995). Sediments with 
K2O/Al2O3 ratio > 0.5 suggest a significant quantity of alkali feldspar relative to other 
minerals in the original source, while sediments with ratio < 0.4 suggest minimal 
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alkali feldspar in the source (Cox et al., 1995). The average K2O/Al2O3 ratio for Habo 
Dome sandstone (DST: 0.3, JST: 0.3), and shales (DSH: 0.1, JSH: 0.3, RSH: 0.09, 
LSH: 0.10) is less than 0.4 which suggests the presence of plagioclase feldspar rich 
rocks in the source region.  
9.7 Th/U ratio 
In order to assess weathering conditions and nature of protolith at the sediment 
generating site, Th/U ratio is also used (McLennan et al., 1993). In sedimentary rocks, 
with increase in weathering, Th/U ratio is expected to increase due to oxidation of 
insoluble U
+4
  to soluble U
+6
 and its subsequent loss during weathering (Taylor and 
McLennan, 1985) while in reduced sedimentary environments U remains immobile 
and represents values of source rock(s). Low Th/U ratios are common in mantle 
derived volcanic rocks and reflect the geochemically depleted nature of such reservoir 
(Newman et al., 1984). On the other hand, for most upper crustal rocks, Th/U is 
typically about 3.5 to 4. Many types of sediments from active margin tectonic setting 
with major components of young undifferentiated crust have Th/U significantly below 
3.5 accompanied by low Th and U contents, and this is interpreted as dominantly 
reflecting a low ratio in the source rocks (McLennan, 1989; McLennan and Taylor, 
1991).  
In the Habo Dome Sandstones Th/U ratio varies as DST=7.32-14.30 (avg. 
10.29) and JST=7.49-8.53 (avg. 7.84). While for shales the values of this ratio range 
as DSH=8.76-10.68 (avg. 9.64), JSH=7.30-8.51 (avg. 7.91), RSH=6.82-7.37 (avg. 
7.02), LSH=6.16-9.49 (avg.7.42). It is evident that Habo Dome clastics possess higher 
values of average Th/U ratio than the average UCC (3.80). The high values of Th/U 
ratio of clastic rocks of Habo Dome is suggestive of derivation of detritus from the 
rocks having upper crustal parentage under oxic environment but the strong positive 
correlation between Th and U (rDST=0.85, rJST=0.98, rDSH=0.18 rJSH=1.00, rRSH=0.62, 
rLSH=0.99) barring rDSH=0.18 implies that their concentrations are primary i.e. 
inherited from the source. This observation is further attested by plotting the samples 
in Th/U versus Th diagram. In this diagram all of the samples occupy the upper crust 
field (Th/U>4) (Figure 9.6). 
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9.8 Al2O3- (CaO*+Na2O)-K2O or A-CN-K Ternary Diagram 
To further assess the intensity of chemical weathering, geochemical data is 
plotted in the A-CN-K triangular diagram (Figure 9.7) of Fedo et al., (1996) where 
A=Al2O3, CN=CaO+Na2O, K=K2O, in molecular proportions and CaO* represents 
CaO incorporated into silicate minerals (Nesbitt and Young, 1984; Nesbitt, 2003). 
In this diagram all samples plot above the plagioclase-K-feldspar join, 
indicating moderate to intense chemical weathering in the source area. In comparison 
to sandstones (avg. CIAsandstone=58.41-70.94) the shales show high CIA values (avg. 
CIAshale=67.71-96.24) suggesting intense chemical weathering in the source area. 
Employing the best fit line method of Bhat and Ghosh (2001), the ACNK plot of 
Habo Dome sediments show two weathering trends. First weathering trend 
comprising samples of DST, JST and JSH plotted parallel to the A-CN line, showing 
gradual leaching of CaO and Na2O under moderate chemical weathering while second 
weathering trend comprising samples of LSH and RSH plotted parallel to the A-K 
line showing intense chemical weathering. The K-metasomatism effect is also 
displayed by few samples of JST which is indicated by the plot of the samples off the 
predicted weathering trend and displacing towards the K2O apex and involves post 
depositional conversion of kaolin to illite (Fedo et al., 1995). 
An additional advantage of the A-CN-K ternary plot is that it enables 
estimation of source rock compositions by backward projection of the weathered 
samples to a point on the feldspar line. The intersection point provides an approximate 
ratio of plagioclase to K-feldspar in the source rock. The trend line when extended 
backward intersects the plagioclase-potash feldspar join between the field of 
granodiorite-granite.  
9.9 Source Rock Characteristics 
The studied sandstones are quartzarenite and subarkose in nature, which 
suggests interplay of pulses of rapid uplift of the source area and quick subsidence of 
the basin, followed by a period of quiescence within an overall transgressive-
regressive cycle in a rift tectonic regime. The studied sandstone composition suggests 
that during basin unstability sediments supplied from the source area were quickly 
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Figure 9.6: Th/U versus Th plot (after McLennan et al., 1993) for Habo Dome 
clastics, Kachchh, Gujarat.  
 
Figure 9.7: A-CN-K (in molecular proportion) ternary plot (Nesbitt and Young, 
1984) for the Habo Dome clastics, Kachchh, Gujarat. 
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 buried and more or less retained the original composition except for the modification 
of unstable constituents induced by the chemical weathering in the sediment 
generation sites which has a greater capacity to alter sandstone composition (Basu, 
1976, Franzinelli and Potter, 1983; Suttner and Dutta, 1986).  
The plots of Habo Dome sandstones on Qt-F-L and Qm-F-Lt diagrams suggest 
that the detritus of the sandstones was contributed by a granite—gneiss terrain of the 
craton interior and medium to high grade metamorphosed supracrustals. This suggests 
derivation of the sandstones from stable parts of the craton, with some contribution 
from recycled orogen shading quartzose debris of continental affinity into the basin 
(Dickinson et al., 1983). Nevertheless, such provenance determination has to be 
considered with caution, because the changes in the original composition during the 
diagenesis may lead to modification in the Qt-F-L plot (McBride, 1985). It is 
expected that sandstone detrital modes derived from an old continental crust present 
in the adjoining areas, like that of Habo Dome sandstones would plot in a recycled 
orogen provenance. But most of the petrofacies plot in the continental block 
provenance in Qt-F-L (Figure 6.1) and Qm-F-Lt diagrams (Figure 6.2), which 
suggests that major control on the detritus composition was exerted by paleoclimate, 
transport and diagenesis. 
In order to get more realistic and accurate information about their provenances 
and the tectonic processes which control the deposition of Habo Dome clastics, their 
petrography is integrated with their geochemical data. But the reliance for these 
interpretations is placed on relatively immobile elements. In complex geological 
terrains. it is generally accepted that among trace elements LILE (especially Th), 
HFSE, REE and some transition elements, including Sc and Cr, are useful to constrain 
the average provenance composition (e.g., Taylor and McLennan, 1985; Fedo et al., 
1996; Cullers and Berendsen, 1998). Primary igneous rocks derived sediments 
possess Zr/Sc ratio <10. Th/Sc ratio >1 reflects sediment input from fairly evolved 
crustal igneous rocks and <1 indicates mantle derived rocks. The sediments derived 
from mature or recycled sources can also possess Th/Sc ratios <1 but their Zr/Sc 
ratios would be high i. e. more than 10 due to the zircon sorting effect. Th/Sc ratio for 
sandstones ranges from 2.38-4.06, avg. 3.24 (DST), 2.13-4.18, avg. 2.71 (JST) while 
in shales varies as 0.79-0.96, avg. 0.85 (DSH), 2.01-2.32, avg. 2.17 (JSH),1.32-1.69, 
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avg.1.49 (RSH), 1.40-4.78, avg. 2.20 (LSH). Zr/Sc ratio for sandstones ranges as 
26.78-55.46, avg.36.81 (DST), 29.06-88.93, avg. 47.61 (JST) while for shales varies 
as 9.60-10.86, avg. 10.08 (DSH), 28.29-39.16, avg. 33.72 (JSH), 15.82-21.10, avg. 
17.91 (RSH), 17.14-60.48, avg. 30.29 (LSH). Most of the samples of the Habo Dome 
exhibit Th/Sc >1 and Zr/Sc >10 which indicates their derivation from evolved crustal 
rocks. Hydraulic sorting is considered to influence the chemical composition of 
terriginous sediments (e.g. Armstrong-Altrin, 2009; Garcia et al., 2004) and exerts 
control on the distribution of trace elements (e.g. Th, U, Zr, Hf and Nb). Th/Sc versus 
Zr/Sc plot has been used to distinguish the contrasting effect of the source 
composition and sedimentary processes on the composition of clastic sedimentary 
rocks (McLennan et al., 1993). The sediments derived from mature or recycled 
sources plott away at the right hand side of the primary composition trend in Th/Sc 
versus Zr/Sc diagram. The distribution of plots in Th/Sc versus Zr/Sc diagram (Figure 
9.8) indicates that Habo Dome clastics have been derived from a recycled source. 
There is a variable range of various ratios for the coarse and fine sediments to 
adduce their felsic or mafic sources given by Cullers (2000) (Table 9.4). The ratios 
like Eu/Eu
*
 (DSH, avg. 0.77, JSH, avg. 0.75, RSH, avg. 0.75, LSH, avg. 0.71, DST, 
avg. 0.74, JST, avg. 0.65)  La/Sc (DSH, avg. 2.38, JSH, avg. 3.89, RSH, avg. 3.28, 
LSH, avg. 4.50, DST , avg. 7.41 JST, avg. 5.15),  Th/Sc (DSH, avg. 0.85, JSH, avg. 
2.17, RSH, avg. 1.31, LSH, avg. 2.20, DST, avg. 3.24,  JST, avg. 2.71), La/Co (DSH, 
avg. 1.83, JSH, avg. 0.86, RSH, avg. 2.64, LSH, avg. 1.17, DST, avg. 0.9, JST, avg. 
0.9) and Th/Co (DSH, avg. 0.65, JSH , avg. 0.48, RSH, avg. 0.81, LSH, avg. 0.50, 
DST, avg. 0.40, JST, avg. 0.46) of Habo Dome sediments are nearly same with the 
range for the felsic  source rock.  
 There are four major provenance fields as suggested in the discrimination 
function diagram based upon major oxides, mafic (P1), intermediate (P2), felsic (P3), 
and quartzose recycled (P4) (Roser and Korsch, 1988). In this diagram samples of the 
Habo Dome are plotted in P1, P2, and P4 and thus suggest a mixed provenance 
(Figure 9.9). In TiO2 versus Ni diagram majority of the samples plot in the field of the 
felsic source barring few samples of the RSH which trend towards mafic source 
(Figure 9.10). This further affirms that the Habo Dome sediments are of mixed nature.     
Geochemistry 
165 
 
La/Sc versus Th/Co bivariant plot of Cullers (2000) is also used in the 
discrimination of the source rocks. In this diagram most of the samples are plotted 
near to the silicic rock provenance composition, but few samples of LSH are plotted 
towards lower values of Th/Co ratio (Figure 9.11). Similar plot pattern is also 
observed in La/Th versus Hf diagram (Figure 9.12).  
In the triangular diagram V-Ni-Th*10 proposed by Bracciali et al., (2007) 
which is also considered a good tool in differentiating between felsic and mafic 
sources, most of the samples of the Habo Dome are plotted near the felsic 
composition rocks, however some of the samples show inclination for mafic source 
(Figure 9.13). 
On the basis of all the above diagrams it is suggested that the Habo Dome 
sediments were derived from a mixed provenance predominately felsic in nature with 
little amount of mafic rocks.   
The REEs are quantitatively transferred from the source to the sediment (e.g., 
McLennan et al., 1993), intense weathering produces LREE/HREE fractionation (e.g., 
Mongelli, 2006), possibly due to preferential HREE retention in solution (e.g., 
Cantrell and Byrne, 1987). The REE abundances and Eu anomaly (calculated as 
Eu/Eu*) are also used to infer the source of the sedimentary rocks (Taylor and 
McLennan, 1985). The low LREE/HREE ratios and little or no Eu anomaly is 
indicated by the basic igneous rocks whereas, silisic igneous rocks contain higher 
LREE/HREE ratio and large negative Eu anomaly (Cullers, 1994; Cullers et al., 
1987). The chondrite normalized patterns of the Habo Dome sediments are shown in 
the figure 9.3. REE patterns of the samples are LREE enriched with nearly flat or 
slightly depleted HREEs coupled with minor kinks at Eu (Figure 9.3A, B) which 
advocate for a predominantly felsic source. However, minor kinks at Eu indicates 
presence of plagioclase rich rocks i.e. TTG which is in conformity with the inference 
derived from petrography, major oxides and immobile trace element ratios. The REE 
patterns and respective Eu anomalies of different lithologies of the Habo Dome 
suggest that these sediments are derived from an old upper continental crust 
composed chiefly of felsic components. This fact is also attested by the presence of 
silica overgrowth around quartz grains.  
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Table 9.4: The range of elemental ratios of shales and sandstones of present 
study compared with the range of ratios in similar fractions derived from 
granitoids and basic rocks(Cullers, 2000). 
 
Fine fractions 
 Range of sediment from 
silicic sources
a
 
Range of sediment from 
basic sources
a
 
Eu/Eu*  0.32–0.83 0.7–1.02 
La/Sc 0.7–27.7 0.4–1.1 
Th/Sc 0.64–18.1 0.05–0.4 
La/Co 1.4–22.4 - 
Th/Co 0.3–7.5 - 
Th/Cr 0.067–4.0 0.002–0.045 
Coarse fractions 
 Range of sediment from 
silicic sources
a
 
Range of sediment from 
basic sources
a
 
Eu/Eu*  0.40–0.94 0.71–0.95 
La/Sc 2.5–16.3 0.43–0.86 
Th/Sc 0.84–20.5 0.05–0.22 
La/Co 1.8–13.8 0.14–0.38 
Th/Co 0.67–19.4 0.04–1.4 
Th/Cr 0.13–2.7 0.018–0.046 
 
a
From Cullers, 1988, 1994; Cullers and Stone, 1991; Cullers and Padkovyrov, 2002, 
Cullers et al., 1987, 1988. 
On the basis of the geochemical study, McLennan et. al., (1990) recognized 
four distinctive provenance i.e. old upper continental crust, young undifferentiated 
arc, young differentiated (intracrustal) arc and Mid-Ocean ridge basalt (MORB). The 
ratios like Th/Sc, La/Sm, Th/U and Eu/Eu
*
anomaly, and plot patterns in the diagrams 
discussed above, it may be suggested that the sandstone and shale samples of the 
Habo Dome are derived from old and well differentiated upper continental crust 
provenance. The provenance for the Habo Dome sandstone is believed to be 
weathered parts of the present day, Aravalli Mountain range situated to the north east 
and south east of the basin and the Nagarparkar Massif situated to the north and  
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Figure 9.8: Th/Sc versus Zr/Sc plot (after McLennan et al., 1993) for Habo Dome 
clastics, Kachchh, Gujarat.  
 
Figure 9.9: Discriminant Function diagram using major elements (Roser and 
Korsch, 1988) for Habo Dome clastics, Kachchh, Gujarat. The discriminant 
functions are: F1=(-1.773 TiO2 + 0.607 Al2O3 + 0.760 (Fe2O3)
t
 -1.500 MgO + 
0.616 CaO + 0.509 Na2O -1.224 K2O - 9.090) and F2=(0.445 TiO2 + 0.07 Al2O3 - 
0.250 (Fe2O3)
t
 -1.142 MgO + 0.438 CaO + 1.475  Na2O -1.426 K2O -6.861). 
(P1=Mafic Igneous Provenance, P2=Intermediate Igneous Provenance, P3=Felsic 
Igneous Provenance, P4=Quartzose Sedimentary Provenance). 
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Figure 9.10: TiO2 versus Ni bivariate plot (fields after Floyd et al., 1989) for the 
Habo Dome clastics, Kachchh, Gujarat. Majority of the samples plots near the 
acidic source field. 
 
 
 
Figure 9.11: Th/Co versus La/Sc plot (after Cullers, 2000) for the Habo Dome 
clastics, Kachchh, Gujarat. Habo Dome samples plot near the silicic source. 
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Figure 9.12: La/Th versus Hf diagram (after Floyd and Leveridge, 1987) for 
Habo Dome clastics, Kachchh, Gujarat.  Majority of the samples plots near the 
acidic arc source field. 
 
Figure 9.13: V-Ni-Th*10 triangular diagram (after Bracciali et al., 2007). Shaded 
area represents composition of the felsic, mafic and ultramafic rocks. The Habo 
Dome samples plot near felsic source rocks.  
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northwest of the basin. This is indicated by the sand dispersal pattern studied by 
various researchers (Balagopal and Srivastava, 1975; Dubey and Chatterjee, 1997; 
Ahmad and Bhat, 2006). The tectonics of the Aravalli Mountain Range marks it a 
collage of the recycled orogen and basement uplift provenance. The data of various 
components of Aravalli Mountain Range is plotted in the La-Th-Sc and Th-Sc-Zr/10 
(Figure 9.15 and 9.16). It is amply clear from these diagrams that  data plots of Habo 
Dome clastics lie between granite and tonalite-trondhjemite-granodiorite values which 
firmly ratifies the mixed felsic nature of the provenance and AMR as one of the 
sources. Dubey and Chatterjee (1997) also proposed similar sources for the Jurassic 
sandstones of Kachchh Basin. 
9.10 Tectonic Setting 
The petrofacies data suggest a continental block provenance as the source of 
the sediments for Habo Dome. Sediment dispersal pattern indicates that these 
continental blocks are Aravalli Mountain Range or Nagarparkar Massif or both 
(Mishra and Tiwari, 2005). The fault bounded basement uplifts along incipient rift 
belts within the continental blocks are known to shed arkosic sands into adjacent 
linear troughs. But quartz rich detritus of Habo Dome sandstone was deposited into 
the Kachchh rift because of warm and humid climate, low relief and long residence 
time in soil. The average values of CIA of different formations reveal moderate to 
high degree of chemical weathering. The chemical indices and A-CN-K plot assigned 
moderate to high chemical weathering under warm and humid climatic conditions for 
Habo Dome. It is also revealed that the intensity of chemical weathering show 
alternate increase and decrease in the intensity of chemical weathering with the 
passage of time. The chemical weathering history indicates undulating topography in 
the source area.  
Studies have shown that the chemical compositions of siliciclastic sedimentary 
rocks are significantly controlled by plate tectonic settings of their provenances and 
depositional basins, and as a result, the siliciclastic rocks from different tectonic 
settings possesses terrain specific geochemical signatures (e.g Bhatia, 1983; Bhatia 
and crook, 1986; Roser and Korsch, 1986). Major and trace element variations are 
considered to reflect distinct provenance types and tectonic setting for sedimentary 
sequences. Bhatia (1983) and Bhatia and Crook (1986) categorized sedimentary 
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basins into four namely oceanic-island arc, continental island arc, active continental 
margin and passive continental margin.  
To infer the tectonic setting of provenance of Habo Dome sediments several 
major-trace-rare earth element-based discrimination diagrams are used (Bakkiaraj et 
al., 2010; Bhushan and Sahoo,  2010; De Araújo et al., 2010; Drobe et al., 2009; Gabo 
et al., 2009; Maslov et al., 2010; Wani and Mondal, 2010). Bhatia (1983) and Roser 
and Korsch (1986) suggest four tectonic setting fields for the repository of sediments. 
However, there is debate among the researchers for the use of the discrimination 
diagrams of Bhatia (1983) based upon major element oxides. Armstrong-Altrin and 
Verma (2005) observed that the tectonic setting discrimination diagram proposed by 
Roser and Korsch (1986) is more effective than Bhatia’s (1983) diagram. The 
K2O/Na2O versus SiO2 diagram proposed by Roser and Korsch (1986) (Figure 9.14) 
indicates that all of the samples are plotted in the field of the passive margin setting. 
Bhatia and Crook (1986) suggested that the geochemical parameters, in particular 
immobile trace elements, could also be used to discriminate the tectonic setting of 
sedimentary rocks. Two ternary plots in which the highly incompatible trace elements 
La, Th and Zr are plotted against the highly compatible element Sc have been used to 
characterize tectonic setting of Habo Dome Basin. In the La-Th-Sc and Th-Sc-Zr/10 
diagrams of Bhatia and Crook (1986) (Figures 9.15 and 9.16)  the  analyzed samples 
mainly cluster in the field of  active continental  margin and passive marging tectonic 
setting.  
  The enrichment of LREE over HREE with minor negative Eu anomaly 
displayed by chondrite normalized REE patterns of Habo Dome sedimentary rocks 
further affirms  passive margin characteristics (Bhatia, 1985) (Fig 9.3A, B). 
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Figure 9.14: Tectonic setting discrimination diagram (after Roser and Korsch, 
1986) for Habo Dome clastics, Kachchh, Gujarat.  
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Figure 9.15: La-Th-Sc ternary diagram for Habo Dome clastics. Fields after 
Bhatia and Crook, 1986. For reference data of components of Banded Gneissic 
Complex (Archean Basement, Raza etal., 2010) are also plotted. BG-Berach 
Granite, T-Tonalite-trondhjemite-granodiorite, M-mafic enclaves. 
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Figure 9.16: Th-Sc-Zr/10  ternary diagram for Habo Dome clastics. Fields after 
Bhatia and Crook, 1986. For reference data of components of Banded Gneissic 
Complex (Archean Basement, Raza etal., 2010) are also plotted. BG-Berach 
Granite, T- Tonalite-trondhjemite-granodiorite, M-mafic enclaves. 
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Chapter – X 
SUMMARY AND CONCLUSION 
The Mesozoic Kachchh Basin situated on the northwestern margin of the 
Indian plate exhibits Middle Jurassic to Early Cretaceous sedimentary successions. 
This basin is well known for its fossil wealth, especially the ammonoids. This basin is 
bordered by subsurface Nagarparkar ridge in the north, Radhanpur-Barmer arch in the 
east and Kathiawar uplift in the south (Biswas, 1982). Marine Jurassic mixed with 
siliciclastic-carbonate sediments exposed in Kachchh Basin bear signatures of 
inundation by sea during the Bajocian (Singh et al., 1982) which persisted throughout 
the Jurassic and Early Cretaceous until Albian. The Jurassic and Cretaceous sediments 
unconformably overlying the Precambrian basement, crop out in six uplifts of the 
Kachchh Basin, viz. Kachchh Mainland, Patchham, Khadir, Bela, Chorad and Wagad 
Islands. The basin configuration is controlled by the primordial fault pattern in the 
basement rocks (Biswas, 1977).  
 The Kachchh Basin was formed due to rifting and counterclockwise rotation 
of the Indian plate in the Late Triassic/Early Jurassic (Biswas, 1987). The Mesozoic 
succession developed due to the repeated marine incursions during the Middle 
Jurassic to Early Cretaceous period and followed by major tectonic movements and 
Deccan trap volcanism during the Late Cretaceous time. These Mesozoic sediments 
are the rift-fill sediments and constitute the major part of the basin fill (Biswas, 2002). 
Within these strata, marker beds (hard grounds and widespread condensed horiozons) 
occur at different stratigraphic levels and has been described in detail by Singh (1989) 
and Fürsich et al., (1992) and with special reference to their depositional environment 
and sequence stratigraphic significance (Fürsich et al., 2001). These condensation 
horizons and hard grounds represent preserved relicts of transgressive pulses and 
diagenetic facies. Middle Jurassic sediments of the Kachchh Basin are predominantly 
siliciclastic in nature comprising conglomerates, sandstone and shale. Carbontaes and 
mixed carbonates-siliciclastic rocks in the Kachchh Basin are largely confined to the 
Bathonian and Early Callovian ages and represent storm dominated shallow shelf 
environments (Fürsich et al., 1991). Fürsich et al., (1991) interpreted these 
siliciclastics as representing a wide range of depositional settings including coastal 
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and estuarine environments, subtidal bar, storm influenced shallow shelf and mid 
shelf environments below storm wave base and sediment starved offshore settings. 
 The Habo Dome of Kachchh Basin was chosen for the study because of its 
proximity from Bhuj, Headquarter of Kachchh and good exposures of Middle to 
Upper Jurassic rocks along various nalas. Habo Dome is located about 40 Km north 
east of Bhuj. In the present study, an attempt has been made to emphasize the 
importance of lithofacies, petrofacies, geochemistry and diagenetic studies to interpret 
the depositional environment, provenance and tectonic history of Kachchh Basin as 
well as degree of compaction, cementation, neomorphism, micritization and depth of 
burial of the enclosed sediments. 
 Five well exposed lithostratigraphic sections were measured from Dhrang, 
Jhikadi, Rudramata and Lodai localities. Lithologs were prepared on the basis of field 
data and lithofacies were identified. Twenty nine thin sections of sandstones samples 
were prepared and used for the textural study. The textural attributes of the 
sandstones, such as size, sorting, skewness, kurtosis, roundness and sphericity were 
studied with a view to interprete the provenance and to estimate the influence of 
texture on the detrital modes and petrofacies. Statistical parameters of grain size were 
computed according to the method of Folk (1968, 1980). Bivariant plots were 
employed to find out interrelationship of various textural attributes. The statistical 
parameters of grain size analysis shows that the sandstones are medium to coarse 
grained, well sorted to very well sorted, fine skewed to near symmetrical and 
platykurtic, mesokurtic, and very leptokurtic to leptokurtic. Most of the grains are 
subangular to subrounded and are dominantly of low sphericity followed by medium 
sphericity. Bivariant plot of various parameters indicate that mean size versus sorting 
has high positive relationship indicating increase in grain size with increased sorting, 
which reflects fluctuating hydrodynamic condition during deposition. Mean size 
versus skewness has high positive and inverse relationship indicating fluctuation in 
energy condition of depositional medium. Mean size versus roundness has moderate 
positive and inverse relationship indicating decrease in roundness with increase in 
grain size. Mean size versus sphericity has poor positive and negative relationship, 
giving hint of decrease or increase in sphericity with increase or decrease in grain 
size. Roundness versus sorting has moderate positive and poor inverse relationship 
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giving indication of increase/decrease in roundness with sorting. Sphericity versus 
sorting has poor positive and negative relationships giving hint of an 
increase/decrease of grain sphericity.   
 To interpret the environment of deposition, eleven lithofacies from five 
measured sections were recorded. These lithofacies are black micritic limestone 
facies, matrix supported conglomerate facies, tabular cross-bedded sandstone facies, 
trough cross-bedded sandstone facies, laminated sandstone facies, massive sandstone 
facies, ripple bedded sandstone facies, interbedded gypsiferous shale and sandstone / 
siltstone facies, interbedded limestone and shale facies, oolitic limestone facies and 
herring-bone cross bedded sandstone facies. The eleven facies are grouped in three 
facies associations, which represent three geometrically related depositional 
environments. They include; Tidally influence fluvial depositional system, Foreshore-
offshore depositional system and Tidal flat lagoonal depositional system. The study 
indicates fluctuating depositional conditions of the sedimentary basin through time. 
During Early to Middle Jurassic time, due to transgression activity, Black limestone 
and Dhrang members were deposited in low and high energy conditions. The 
overlying sandstones of Jhikadi Member represent the shoreline regressive sands. 
Subsequent transgression in Late Callovian-Oxfordian resulted in the deposition of 
the Rudramata and Lodai members.   
 Overall studied sediments were transported as mass flows, unchannelized and 
channelized flows and in suspension. Mass flow is evident from the presence of 
significant size of clast and decrease in size upwards. Unchannelized flow is 
responsible for deposition of more  or less rhythmic/alternate succession of high and 
low energy facies like alternate beds of coarse grained /medium to fine grained 
sandstones, thick bedded/thin bedded sandstones, interbedded sequence of shale-
sandstone etc. Channelized flows resulted in large scale bidirectional, large scale 
cross-beds, parallel laminations, ripple marks etc. Settling from suspension represents 
deposition of gypsiferous shale.   
 In the present study the detrital mineral composition of sandstones was studied 
both qualitatively and quantitatively in 42 thin sections. According to Folk’s 
classification the sandstones of Habo Dome are mainly quartzarenitic and subarkosic 
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in nature followed by arkosic and lithicarkose. The framework grains are mainly 
quartz followed by feldspar, mica, rock fragments and heavy minerals. Most of the 
quartz grains are monocrystalline, rest being polycrystalline. The monocrystalline 
quartz generally shows undulatory extinction. Polycrystalline quartz grains posses 
both sharp and sutured intercrystalline boundaries. Feldspar includes microcline and 
plagioclase, both fresh and altered varieties. Large flakes of muscovite and biotite 
grains are observed. Rock fragments include chert, phyllite and schist. Heavy 
minerals include opaques, tourmaline, biotite, garnet, staurolite, rutile, epidote, and 
hornblende. Average detrital mineralogy includes monocrystalline quartz (84 % in 
Dhrang Sandstone and 83% in Jhikadi Sandstone), recrystallized metamorphic quartz 
3% in Dhrang Sandstone and 1% in Jhikadi Sandstone), stretched metamorphic quartz 
(5% in Dhrang Sandstone and 2% in Jhikadi Sandstone), feldspar (4% in Dhrang 
Sandstone and 9% in Jhikadi Sandstone), mica (1% and 2% in Dhrang Sandstone and 
Jhikadi Sandstone respectively), rock fragments (1% in each Dhrang and Jhikadi 
sandstones), chert (1% in each Dhrang and Jhikadi sandstones), Heavy minerals are 
1% in both Dhrang and Jhikadi sandstones. Climate, source rock composition, 
distance of transport and diagenetic factors are responsible for modification of detrital 
composition of sandstones of Habo Dome. The Habo Dome sediments were derived 
from a variety of source rocks (mixed provenance) comprising granitic 
batholiths/igneous plutons, magmatic arc, granite-gneisses, pegmatite or schist, 
quartzite and quartz vein etc.   
          In the present study, the detrital minerals of Habo Dome Sandstones were 
studied for the purpose of interpreting their provenance. Triangular diagrams of 
Dickinson (1985); Qt-F-L, Qm-F-Lt, Qp-Lv-Ls, Qm-P-K were used. Plot of the 
recalculated values revealed that most of the samples of the Habo Dome sandstones 
fall in continental block provenance field in Qt-F-L diagram suggesting contribution 
from the craton interior with basement uplift. Few samples fall in the recycled orogen 
provenance which suggests their derivation from metasedimentary and sedimentary 
rocks that were originally deposited along former passive continental margins 
(Dickinson and Suczek, 1979, Dickinson, 1985). In the Qm-F-Lt diagram all the 
lithics including the quartzose ones are plotted together as Lt to emphasize the source 
rocks. The diagram shows that the plot of data falls both in the recycled and 
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continental block basement uplift provenance. The Qm-P-K plot of the data shows 
that all the sediment contribution is from the continental block basement uplift 
provenance reflecting maturity of sediments and stability of source area. The Qp-Lv-
Ls plot, which is based on the rock fragments population, reveals the polymineralic 
components of source region and gives a more resolved picture about the tectonic 
elements. The studied samples fall in rifted continental margin and collision suture 
and fold thrust belt. The above observations suggest that the sandstones of Habo 
Dome have been derived from a variety of source rocks. The most likely regions of 
these source rocks are eroded and weathered parts of the Aravalli range situated in the 
east and northeast of the basin and Nagarparkar massif lying lying to north and 
northwest. This is indicated by sand dispersal pattern studied by various workers 
(Balagopal and Srivastava, 1975; Dubey and Chatterjee, 1997; Ahmad et al., 2008).  
The average percentage of different types of contacts is as follows: floating 
grains (63 % in Dhrang Sandstone and 52% in Jhikadi Sandstone), point contact (29% 
in Dhrang Sandstone and 38 % in Jhikadi Sandstone), long contacts (6 % in Dhrang 
Sandstone and 7 % in Jhikadi Sandstone), concavo-convex contacts (1% in Dhrang 
Sandstone and 2 % in Jhikadi Sandstone), sutured contacts (1% in each Dhrang and 
Jhikadi sandstones). The overall average contact index for the Dhrang and Jhikadi 
Sandstone members is very low (0.69 and 0.86) respectively. The framework grains 
having contacts with 1-4 and more than four grains constitute about 59, 30, 8, 2, 1 
(Dhrang Sandstone) and 52, 36, 7, 3, 1 (Jhikadi Sandstone), respectively. The low 
contact index values are mainly found in sandstones with pervasive development of 
calcite, Fe-calcite, which probably precipitated at a very early stage during 
sedimentation. 
Four types of cements are identified in the sandstones of Habo Dome; viz. iron 
oxide, carbonate, silica and clay. Clay cement is mainly kaolinite, chlorite, illite and 
smectite and occurs as intergranular microcrystalline aggregate of both allogenic and 
authigenic origin. Clayey to silty matrix is present in variable amount. The existing 
optical porosity (EOP) ranges from 1 to 16%, average 8% and 1 to 26%, average 7% 
in Dhrang and Jhikadi sandstones respectively, while minus cement porosity (MCP) 
ranges from 16 to 37%, average 27% in Dhrang Sandstone and 18 to 48%, average 29 
% in Jhikadi Sandstone. The average minus cement porosity of these sandstones is 
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plotted on different graphs of porosity versus depth devised by McCulloh (1967), 
Lapinskaya and Preshpyakove (1971), Selley (1978), Atwater and Miller (1965) 
which suggests a depth of burial in the range 533m to 2617m for Dhrang Sandstone 
and 457m to 2165m for Jhikadi Sandstone. Cement and matrix played a dominant role 
in reducing depositional porosity.  
Overall diagenetic history indicates shallow to deep burial conditions for these 
sandstones. The first phase started from the time of deposition to a depth of burial 
nearly 2617 and 2165 m. The first phase of diagenesis consisted of mechanical 
compaction and precipitation of small amount of quartz cement. The second phase in 
which pore spaces were almost coupled obliterated by the precipitation of calcite 
cement from supersaturated solutions in the fresh water phreatic zone. However 
secondary porosity was generated by dissolution and leaching of feldspar grain, 
calcite and iron oxide cements. Once again both porosity and permeability were 
reduced at a later date by deposition of authigenic kaolinite, chlorite, illite and 
smectite in the secondary pore spaces of sandstone units. 
 The diagenetic signatures of compaction, cementation, micritization, 
neomorphism and porosity observed within the limestone of Habo Dome at different 
stratigraphic levels suggest early or syndepositonal and post depositional changes in 
marine phreatic, fresh water phreatic, and deep depositional diagenetic environments.  
 Major element data of Habo Dome indicate that the sandstones are largely 
composed of SiO2 and Al2O3 whereas the shales are characterized by lower SiO2 
coupled with higher Al2O3 contents compared to associated sandstones. The strong 
positive correlations of MgO, K2O, TiO2 and P2O5 with Al2O3 suggests that their 
concentrations are primary and they are associated with micaceous/ clay minerals.  
 The LILE (Rb, Ba, Sr, Th and U) abundances in the rock samples of Habo 
Dome show significant variations. Within sandstones, the LILEs show an increasing 
trend from Dhrang Sandstone to Jhikadi Sandstone for all elements except Sr which 
displays negative trend. It suggests that there is decrease in plagioclase abundance 
with concomitant increase in K-feldspar from Dhrang to Jhikadi Sandstone. LILEs 
show good positive correlation particularly of Rb, Ba, Th and U with K2O which is 
consistent with the petrographic abundance of feldspar. The proportions of  Th and U 
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in the Habo Dome sediments appears to have been controlled by phyllosilicates as the 
two elements show high positive correlation with each other  as well as with Al2O3 
except  JST.  Th also shows strong positive correlation with TiO2 and Nb implying 
that it may be controlled by clays and/or other phases (e.g., Ti- and Nb-bearing 
phases) associated with clay minerals. There is a marked variation among the shales 
and sandstones in their TTEs. Shales are more enriched in TTE compared to 
associated sandstone suggesting the incorporation of mafic minerals in fine fractions 
or phyllosilicate control on the TTE abundances. In Habo Dome sediments, average 
Zr/Hf ratio varies from 30-40 which suggests that these elements have been controlled 
by zircon. The Habo Dome samples show nearly positive correlation between REE, 
Al2O3 and Zr. Furthermore geochemical affinity of REE with Y is also observed as 
they show a strong positive correlation with each other. On the other hand, the 
positive correlations also exist between REE with TiO2 and Nb in shales except 
Dhrang shales. All these correlations suggest that the phyllosilicates, zircon, and Ti,- 
and Nb-bearing minerals acted as hosts for REE contents in sedimentary rocks of 
Habo Dome. The geochemical distribution also indicates the operation of two cycles 
of sedimentation or repetition of same chemical environment because the TTE 
enrichment is cyclic at two stratigraphic levels and not in gradual manner.    
 The CIA, PIA and CIW values of the sandstones and shales suggests that 
source rocks were subjected to moderate to intense chemical weathering in the source 
area under warm and humid climatic conditions. The intensity of weathering 
interpreted from fine sediments show alternating high / low trend with stratigraphic 
younging. ACNK plot of Habo Dome sediments show two weathering trends. The 
intersection point provides an approximate ratio of plagioclase to K-feldspar in the 
source rock. The trend line when extended backward intersects the plagioclase-potash 
feldspar join between the fields of granodiorite-granite. The average K2O/Al2O3 ratio 
for Habo Dome sandstones and shales is less than 0.4 which suggests the presence of 
plagioclase feldspar rich rocks in the source region. The high average values of Th/U 
ratio of clastic rocks of Habo Dome is suggestive of derivation of detritus from the 
rocks having upper crustal parentage under oxic environment but Th and U content 
show strong positive correlation which suggests that U content of Habo Dome clastics 
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is not because of weathering processes, but inherited character from the source. Th/U 
versus Th diagram indicates all of the samples occupy the upper crust field (Th/U>4). 
The discrimination function diagram indicates that samples of the Habo Dome 
are plotted in P1, P2 and P4 fields and thus suggests a mixed provenance. In TiO2 
versus Ni diagram majority of the samples plot in the field of the felsic sources 
barring few samples of the Rudramata shales which trend towards mafic source. This 
further affirms that the Habo Dome sediments are of mixed nature. On the basis of 
different diagrams it is suggested that the Habo Dome sediments were derived from a 
mixed provenance predominately felsic in nature with little amount of mafic rocks.  
Abundances and ratios of tectono-provenance sensitive elements (e.g. La/Sc, 
Th/Sc, Zr/Sc) and LREE enriched chondrite pattern with minor negative Eu anomaly 
suggest felsic dominated source set in passive margin setting. The minor Eu anomaly 
and generally flat HREE trends advocate for significant control of mafic rocks in the 
source area. Th/Sc > 1 and Zr/Sc > 10 suggest the derivation of sediments from a 
recycled source. All the above observations indicate that the rocks for the Habo Dome 
are the product of post-Archean granitic source, with minor granodioritic input and 
substantial sediment recycling. 
The petrofacies plots of Habo Dome Sandstones indicate a predominantly 
continental block provenance and stable cratonic to fault bounded basement uplift 
tectonic setting. Plots involving major oxides and trace elements in general advocates 
for active and passive tectonic setting. Integrated analysis of petrographic and 
geochemical characteristics coupled with various paleocurrent studies on Jurassic 
sandstone of Kachchh Basin suggest that detritus was mostly derived from Aravalli 
Mountain range situated north east, east and south east of the basin and  Nagarparkar 
massif situated north and north west of the basin. 
 
 
References 
189 
 
REFERENCES 
Agrawal, S.K and Singh, C.S.P, 1961. Kutch Mesozoic on the occurrence of 
foraminifera in the Jurassic rocks of Kutch (Gujarat, Western India). Jour. Sci. 
Res. Banaras Hindu University; 11: 313-316. 
Ahmad, A.H.M., Alam, M.M., Khan, M.H.A and Shahab, M.S.A, 2004. Petrographic 
and diagenetic study of Rewa sandstones, Baretha (Bayana), Bharatpur, 
Rajasthan. Jour. Geol. Soc. India; 64: 731-738. 
Ahmad, A.H.M., Alam, M.M and Khan, M.H.A, 2005. Petrofacies and diagenesis of 
Bayana basin conglomerates (Delhi Supergroup), Bharatpur District, 
Rajasthan. Jour. Geol. Soc. India; 65: 335-345. 
Ahmad, A.H.M and Bhat, G.M, 2006. Petrofacies, provenance and diagenesis of the 
Dhosa Sandstone Member (Chari Formation) at Ler, Kachchh sub-basin, 
Western India. Jour. Asia. Eart. Science; 27: 857-872. 
Ahmad, A.H.M., Bhat, G.M and Khan, M. Haris, A, 2006. Depositional environments 
and diagenesis of the Kuldhar and Keera Dome Carbonates (Late Bathonian–
Early Callovian) of Western India. Jour. Asia. Eart. Science; 27: 765-778. 
Ahmad, A.H.M., Bhat, G.M., Khan A.F and Saikia, C, 2007. Petrography, diagenesis, 
provenance and tectonic setting of Upper Katrol Formation (Kimmeridgian), 
Nakhtarana Area, Kachchh, Gujarat. Jour. Geol. Soc. India; 69: 867-869. 
Ahmad, A.H.M., Bhat, G.M., Jehan. N., Khan, A.F and Majid, A, 2008. Tectono 
provenance and diagenesis of Habo Dome Sandstone, Chari Formation, 
Kachchh, Western India. Jour. Geol. Soc. India (Bangalore); 72: 790-800. 
Ahmad, A.H.M., Khan, A.F and Saikia, C, 2008. Palaeoenvironment and diagenesis 
of Middle Jurassic Athleta Sandstones, Jhurio Dome, Kachchh, Gujarat. Jour. 
Geol. Soc. India; 71:73-78. 
Ahmad, A.H.M and Majid, A, 2010. Genesis and diagenetic evolution of Habo 
Formation, Kachchh, Gujarat, India. Jour. Geol. Soc. India; 76: 331-344. 
References 
190 
 
Ahmad, A.H.M., Khan, A.F and Wasim, S.M, 2013. Facies analysis and depositional 
environment of the Jurasssic Jumara Dome sediments, Kachchh, Western 
India. Jour. Geol. Soc. India; 82: 181-189.  
Ahmad, A.H.M., Irshad, R and Bhat, G.M, 2015. Facies and diagenetic evolution of 
the Bathonian-Oxfordian mixed Siliciclastic-Carbonate sediments of the Habo 
Dome, Kachchh Basin, India. Vol. Jurassica; XIII: 83-104.   
Akhtar, K and Ahmad, A.H.M, 1991. Single-cycle cratonic quartzarenites produced 
by tropical weathering: the Nimar Sandstone (Lower Cretaceous), Narmada 
basin, India. Sed. Geology; 71: 23-32. 
Akhtar, K., Khan, M.M and Ahmad, A.H.M, 1992. Diagenetic evolution of 
Cretaceous „quartz arenite‟, Narmada rift basin, India. Sed. Geology; 76: 99-
109. 
Allen, P.A and Leather, J, 2006. Post-Marinoan marine siliciclastic sedimentation: 
The Masirah Bay Formation, Neoproterozoic Huqf Supergroup of Oman. 
Precamb. Research; 144: 167-198. 
Araby, A.E and Motilib, A.A, 1999. Depositional facies of the Cambrian Araba 
Formation in the Tabe region, East Sinai, Egypt.  Jour. Afri. Eart. Science; 29: 
429-447. 
Armstrong-Altrin, J.S, 2009. Provenance of sands from cazones Acapulco  and Bhaia 
Kino beaches, mexico. Revista Mexic. Geology; 26: 764-782.  
Armstrong-Altrin, J.S and Verma, S.P, 2005. Critical evaluation of six tectonic setting 
discrimination diagrams using geochemical data of Neogene sediments from 
known tectonic settings. Sed. Geology; 177: 115–129. 
Arnott, R.W.C, 1993. Quasi planar laminate sandstone beds of the lower Cretaceous 
Boottegger member, northy central Montana: evidence of combined low 
sedimentation. Jour. Sed. Petrology; 63: 488-494. 
References 
191 
 
Atwater, G.I and Miller, E.G, 1965. The effects of decrease in porosity with depth on 
future development of oil and gas reserves in south Louisiana. Am. Assoc. 
Petrol. Geol. Bulletin; 49: 622-626. 
Bajpai, S and Whatley, R.C, 2001. Late Cretaceous non marine ostracods from the 
Deccan intertrappean beds, Kora (Western Kachchh, India). Rev. Esp. Di 
Micropaleontologia; 33: 91-111. 
Bakkiaraj, D., Nagendra, R., Nagarajan, R and Armstrong-Altrin, J.S, 2010. 
Geochemistry of sandstones from the Upper Cretaceous Sillakkudi Formation, 
Cauvery Basin, southern India: implications for provenance. Jour. Geol. Soc. 
India; 76: 453–467. 
Balagopal, A.T and Srivastava, V.K, 1975. A study of the paleocurrent and the 
provenances of the Jurassic rocks of Central Kutch, Gujarat state, India. Jour. 
Eart. Science; 2: 62-76. 
Bandyopadhya, A, 2004. Sedimentation, tectonics and palaeoenvironment in eastern 
Kachchh, Gujarat. Jour. Geol. Soc. India; 63: 171-182. 
Banerjee, A and Banerjee, D.M, 2010. Modal analysis and geochemistry of two 
sandstone of the Bhander Group (Late Neoproterozoic) in parts of the Central 
Vindhyan Basin and their bearing on the provenance and tectonics. Jour. Eart. 
Sys. Science; 119: 825-839. 
Bardan, S and Datta, K, 1987. Biostratigraphy of Jurassic Chari Formation, A study in 
Keera dome, Kutch, Gujarat. Jour. Geol. Soc. India; 30: 121-131. 
Basu, A, 1976. Petrology of Holocene fluvial sand derived from plutonic source 
rocks: Implications to paleoclimate interpretation. Jour. Sed. Petrology; 46: 
694-709. 
Basu, A, 1985. Influence of climate and relief on composition of sand release at 
source areas. In: G.G. Zuffa (Ed.), Provenance of Arenites. Reidel, Dordrecht-
Boston-Lancaster; 1-18.  
References 
192 
 
Basu, A., Young, S.W., Suttner, L.J., James, W.C and Mack, G.H, 1975. Re-
evaluation of the use of undulatory extinction and polycrystallinity in detrital 
quartz for provenance interpretation. Jour. Sed. Petrology; 45: 873-882. 
Bathurst, R.G.C, 1975. Carbonate sediments and their diagenesis. Development in 
Sedimentology. 12 (second Ed.), New York, Elsevier; 658P. 
Bauluz, B., Mayayo, M.J., Fernandez-Nieto, C and Lopez, G.J.M, 2000. 
Geochemistry of Precambrian and Paleozoic siliciclastic rocks from the 
Iberian Range (NE Spain): implications for source-area weathering, sorting, 
provenance, and tectonic setting. Chem. Geology; 168: 135–150. 
Beard, D.C and Weyl, P.K, 1973. Influence of texture on porosity and permeability of 
unconsolidated sand. Am. Assoc. Petrol. Geol. Bulletin; 57: 349–369. 
Beloussov, V.V, 1962. Basic problem of Geotectonics. Mc-Graw-Hill, London, 816 
pp. 
Bhalla, S.N and Abbas, S.M, 1975. Additional foraminifera from the Jurassic rocks of 
Kutch. Jour. Geol. Soc. India; 16: 225-226. 
Bhalla, S.N and Abbas, S.M, 1976. The age and paleogeographical significance of 
Jurassic foraminifera of Kutch. In: I
st
  International symposium on benthonic 
foraminifera of continental margins, maritime sediments, Canada, Spl. 
Publication; 1: 537-544. 
Bhalla, S.N and Abbas, S.M, 1978. Jurassic foraminifera from Kutch, India. 
Micropaleontology; 160-209. 
Bhalla, S.N and Abbas, S.M, 1984. Depositional environment of the Jurassic rocks of 
Habo hills, Central Kutch; India. In: Benthos 83-2
nd
 International Symposium 
on Benthic Foraminifera, Pau; 55-60. 
Bhalla, S.N and Talib, A, 1978. A preliminary note on Jurassic foraminifera from 
Chari “series”, Badi, Kutch. Bull. Ind. Geol. Association; 11: 85-86. 
References 
193 
 
Bhalla, S.N and Talib, A, 1980. Foraminifera from Jurassic rocks of Badi, Central 
Kutch. Bull. Ind. Geol. Association; 13: 99-121. 
Bhalla, S.N and Talib, A, 1991. Callovian-Oxfordian foraminifera from Jhurio hill, 
Kutch, Western India. Revue de Paleobiologic; 10: 85-114.  
Bhalla, S.N., Talib, A and Ahmad, A.H.M, 1998. Carbonate microfacies and 
foraminiferal palaeoecology of Chari Formation (Callovian-Oxfordian), Jhurio 
Hill, Kutch. Bull. Ind. Geol. Association; 21: 17-27.  
Bhalla, S.N., Talib, A and Ahmad A.H.M, 2000. Depositional environment, 
petrography and diagenetic history of Chari Formation (Callovian-Oxfordian), 
Kutch. Bull. Ind. Geol. Association; 33: 13-21. 
Bhandari, A and Colin, J.P, 1999. Ostracodes limniques des sediments inter- 
trappeans (Maastrichtein Terminal Paleocene Basal) de la region d‟Anjar 
(Kachchh, De Gujarat), Inde: systematique, paleoecologic et Affinities 
Paleobiographiques. Revue de Micropaleontologic; 42: 3-20. 
Bhat, G.M and Ahmad, A.H.M, 2013. Temporal facies and diagenetic evolution of the 
mixed siliciclastic-Carbonate Jajiya Member (Callovian–Oxfordian), Jaisalmer 
Formation, west India. Vol. Jurassica; XI: 147-162.  
Bhat, M.I and Ghosh, S.K, 2001. Geochemistry of 2.51 Ga old Rampur group pelites, 
Western Himalayas: implications for their provenance and weathering. 
Precamb. Research; 108: 1-16. 
Bhatia, M.R and Taylor, S.R, 1981. Trace element geochemistry and sedimentary 
provinces: A study from the Tasman Geosyncline, Australia: Chem. Geology; 
33: 115-126. 
Bhatia, M.R, 1983. Plate tectonics and geochemical composition of sandstones. Jour. 
Geology; 91: 611-627.  
Bhatia, M.R, 1985. Rare earth element geochemistry of Australian Paleozoic 
graywackes and mudrocks: Provenance and tectonic control. Sed. Geology; 
45: 77-113. 
References 
194 
 
Bhatia, M.R and Crook, K.A.W, 1986. Trace elements characteristics of greywacke 
and tectonic setting discrimination of sedimentary basins: Cont. to Miner. and 
Petrology; 92: 181-193.  
Bhushan, S.K and Sahoo, P, 2010. Geochemistry of clastic sediments from Sargur 
supracrustals and Bababudan Group, Karnataka: implications on Archaean 
Proterozoic Boundary. Jour. Geol. Soc. India; 75: 829–840. 
Biswas, S.K, 1971. Note on the geology of Kachchh: Quat. Jour. Geol. Min. Met. Soc. 
India; 43:  223-236. 
Biswas, S.K, 1977. Mesozoic rock stratigraphy of Kutch, Gujarat. Quat. Jour. Geol. 
Min. Met. Soc. India; 49: 1-52. 
Biswas, S.K, 1980. Stratigraphy and sedimentary evolution of the Mesozoic basin of 
Kutch, Western India. In: S.K Tandon (Ed), Stratigraphy and sedimentary 
evolution of Western India; 54-103. 
Biswas, S.K, 1981. Basin framework, paleoenvironment and depositional history of 
the Mesozoic sediments of Kachchh Basin, Western India. Quat. Jour. Geol. 
Min. Met. Soc. India; 53: 56-85. 
Biswas, S.K, 1982. Rift basins in western margin of India and their hydrocarbon 
prospects with special reference of Kutch Basin. Am. Assoc. Petrol. Geol. 
Bulletin; 65: 1497-1515. 
Biswas, S.K, 1987. Regional tectonic framework, structure and evolution of the 
western marginal basins of India. Tectonophysics; 135: 307-327. 
Biswas, S.K, 2002. Structure and Tectonics. DST sponsored contacts programme on 
„Structure, Tectonics and Mesozoic stratigraphy of Kachchh-14-20th January, 
organized by M.S. University of Baroda. Lecture notes, chapter, 4: 63-92. 
Biswas, S.K and Deshpandey, S.W, 1983. Geology and hydrocarbon prospects of 
Kutch, Saurastra and Narmada Basins. Petrol. Asia. Journal; 111-126. 
References 
195 
 
Bjørlykke, K, 1983. Diagenetic reactions in sandstones. In: Parker, A. Sellwood, B.W. 
(Eds.), Sediment Diagenesis. Reidel Publishing, Holland; 169-213. 
Bjørlykke, K and Egeberg P.K, 1993. Quartz cementation in sedimentary basins. 
Am. Assoc. Petrol. Geol. Bulletin; 77: 1538–1548. 
Bloch, S and McGowen, J.H, 1994. Influence of depositional environment on 
reservoir quality prediction. In: Wilson,M.D (Ed). Reservior quality 
assessment and prediction in clastic rocks. SEPM short course; 30: 41-57. 
Boles, J.R and Franks S.G, 1979. Clay diagenesis in Wilcox Formation sandstones 
of southwest Texas: implications of smectite diagenesis on sandstone 
cementation. Journal of Sedimentary Petrology, 49: 55–70. 
Bose, P.K., Ghosh, G., Shome, S and Bardan, S, 1988. Evidence of superimposition 
of storm waves on tidal currents in rocks from the Tithonian-Neoconian Umia 
Member, Kutch India. Sed. Geology; 54: 321-329.  
Bose, P.K., Sarkar, S., Chakraborty, S and Banerjee, S, 2001. Overview of the Meso 
to Neoproterozoic evolution of the Vindhyan Basin, Central India. Sed. 
Geology; 141: 395-419. 
Bracciali, L., Marroni, M., Pandolfi, L and  Rocchi, S, 2007. Geochemistry and 
petrography of Western Tethys Cretaceous sedimentary covers (Corsica and 
Northern Apennines): from source areas to configuration of margins. In: 
Arribas, J., Critelli, S., Johnsson, M.J. (Eds.), Sedimentary Provenance and 
Petrogenesis: Perspectives from Petrography and Geochemistry. Geol. Soc. 
Am. Special Paper; 420: 73–93. 
Brenchley, P.J., Pickerill, R.K and Stromtserg, S.G, 1993. The role of wave reworking 
on the architecture of storm sandstone facies, Bell Island Group (Lower 
Ordovician), Eastern Newfoundland. Sedimentology; 40: 359-382.  
Bricker, O.P, 1971. Carbonate cements: John Hopkins University Study in Geology, 
Baltimore, London: John Hopkins; 19: 376p. 
References 
196 
 
Brooks, C.K, 1970. The concentrations of zirconium and hafnium in some igneous 
and metamorphic rocks and minerals. Geochim. Cosm. Acta; 34: 411–416. 
Burley, S.D., Kentorowicz, J.D and Waugh, B, 1985. Clastic diagenesis. In: 
Brenchley, P.J and Williams, B.P.J (Eds.). Sedimentology, Recent 
Developments and applied aspects, Blackwell, Oxford; 18: 189-226. 
Cantrell, K.J and Byrne, R.H, 1987. Rare earth complexation by carbonate and 
oxalate ions. Geochim. Cosmoch. Acta; 51: 597–605. 
Cardenas, A., Girty, G.H., Hanson, A.D and Lahren, M.M, 1996. Assessing 
differences in composition between low metamorphic grade mudstones and 
high-grade schists using log ratio techniques. Jour. Geology; 104: 279–293. 
Carozzi, A, 1989. Carbonate rock depositional models: A microfacies approach. 
Prentice Hall, Englewood Cliffs, New Jersey; 604P.  
Chakraborty, C and Bhattachary, A.A, 1996. The Vindhyan Basin: an overview in the 
light of current perspectives. Mem. Geol. Soc. India; 36: 301-315. 
Chandler, M.A., Rind, D and Ruedy, R, 1992. Pangean climate during early Jurassic 
GCMS Simulations and Sedimentary record of Paleoclimate. Bull. Geol. Soc. 
America; 104: 543-559. 
Chatterjee, S and Hotton, N, III, 1986. The Paleoposition of India. Jour. Southeast 
Asi. Eart. Science; 1: 145-189. 
Chayes, F, 1949. A simple Point Counter for thin section analysis. Am. Mineralogist; 
34: 1-11. 
Chilingarian, G.V., Bissel, H.J and Wolf, K.H, 1967. Diagenesis of carbonate rocks. 
In: Larsen, G. and Chilingarian, G.V. (Eds.) Diagenesis in Sediments, 
Developments in Sedimentology, Elsevier publishing Co., Amsterdam; 8: 179- 
322. 
Choquette, P.W, 1955. A petrographic study of state college Oolite. Jour. Geology; 
63: 55-66. 
References 
197 
 
Clift, P.D., Giosan, J., Blusztajn, J., Campbell, I.H., Allen, C., Pringle, M., Tabrez, 
A.R., Danish, M., Rabbani, M.M., Alizai, A., Carter, A and Lückge, A, 2008. 
Holocene erosion of the Lesser Himalaya triggered by intensified summer 
monsoon. Geology; 36: 79-82. 
Cole, J.M., Goldstein, S.L., deMenocal, P.B., Hemming, S.R and Grousset, F.E, 2009. 
Contrasting compositions of Saharan dust in the eastern Atlantic Ocean during 
the last deglaciation and African Humid Period. Earth and Planetary Science 
Letters; 278: 257–266. 
Condie, K.C, 1991. Another look at rare earth elements in shales. Geochim Cosm. 
Acta; 55: 2527–2531.   
Condie, K.C, 1993. Chemical composition and evolution of the upper continental 
crust: Contrasting results from surface samples and shales. Chem. Geology; 
104: 1–37. 
Coryell, C.D., Chase, J.W and Hinchester, J.W, 1963. A procedure for geochemical 
interpretation of terrestrial rare earth abundance patterns. Jour. Geo. Research; 
68: 559-575. 
Cox, R, and Lowe, D.R, 1995. A conceptual review of regional scale controls on the 
compositions of clastic sediments and the co-evolution of continental blocks 
and their sedimentary cover. Jour. Sed. Research; 65: 1-12. 
Cox, R., Lowe, D.R and Cullers, R.D, 1995. The influence of sediment recycling and 
basement composition on evolution of mudrock chemistry in the southwestern 
United States. Geochim. Cosmo. Acta; 59: 2919-2940. 
Critelli, S and Ingersoll, R.V, 1994. Sandstone petrography and provenance of the 
Siwalik Group (NW Pakistan and WS Nepal). Jour. Sed. Research; 64A: 815-
823. 
Cullers, R., Chaudhuri, S., Kilbane, N and Koch, R, 1979. Rare-earths in size 
fractions and sedimentary rocks of Pennsylvanian- Permian age from the mid-
continent of the U.S.A. Geochim. Cosmo. Acta; 43: 1285-1301. 
References 
198 
 
Cullers, R.L., Barrett, T., Carlson, R and Robinson, B, 1987. Rare–earth element and 
mineralogical changes in Holocene soil and stream sediment: a case study in 
the wet mountains, Colorado USA. Chem.  Geology; 63: 275-297. 
Cullers, R.L., Basu, A and Suttner, L, 1988. Geochemical signature of provenance in 
sand-size material in soils and stream sediments near the Tobacco Root 
batholiths, Montana,  U.S.A. Chem. Geology; 70: 335-348. 
Cullers, R.L, 1988. Mineralogy and chemical changes of soil and stream sediments 
formed by intense weathering of the Danburg granite, Georgia, U.S.A. Lithos; 
21: 301-314. 
Cullers, R.L and Berendsen, P, 1998. The provenence and chemical variation of 
sandstones associated with the midcontinent rift system, USA. European. Jour. 
Mineralogy; 10: 987-1002. 
Cullers, R.L and Stone, J, 1991. Chemical and mineralogical camparision of the 
Pennsylvanian Mountain, Colorado, U.S.A. (an uplifted continental block) to 
sedimentary rocks from other tectonic environments. Lithos; 27: 115-131. 
Cullers, R.L, 1994. The controls on the major and trace element variation of shales, 
siltstones and sandstones of Pennsylvanian- Permian age from uplifted 
continental blocks in Colorado to platform sediment in Kansas, USA. 
Geochim Cosmoch. Acta;  58: 4955-4972. 
Cullers, R.L, 2000. The geochemistry of shales, siltstones and sandstones of the 
Pennsylvanian-Permian age, Colorado, USA: implications for provenance and 
metamorphic studies. Lithos; 51: 181-203. 
Cullers, R.L and Padkovyrov, V.N, 2002. The source and origin of terrigenous 
sedimentary rocks in the Mesoproterozoic Ui group, south- eastern Russia. 
Precamb. Research; 117: 157-1183. 
Curtis C, 1983. Geochemistry of Porosity enhancement and reduction in clastic 
sediments. In: Petroleum Geochemistry and Exploration of Europe (Ed. J. 
Brooks). Geol. Soc. London, Spl. Publication; 12: 113–125. 
References 
199 
 
Dapples, E.C, 1979. In: Larsen, G., Chilingarian, G.V. (Eds.). Diagenesis in 
Sandstones. Developments in Sedimentology 25. Elsevier, The Netherlands; 
31-97. 
Das, B.K., AL-Mikhlafi, A.S and Kaur, P, 2006. Geochemistry of Mansar Lake 
sediments, Jammu, India: implication for source-area weathering, provenance, 
and tectonic setting. Jour. Asia. Eart. Science; 26: 649–668. 
de Araújo, C.E.G., Pinéo, T.R.G., Caby,  R., Costa,  F.G., Cavalcante, J.C., 
Vasconcelos,  A.M and Rodrigues, J.B, 2010. Provenance of the Novo Oriente 
Group, southwestern Ceará Central Domain, Borborema Province (NE-
Brazil): a dismembered segment of a magma-poor passive margin or a 
restricted riftrelated basin? Gond. Research; 18: 497–513. 
De Souza, R.S., De Ros, L.F and Morad, S, 1995. Dolomite diageneis and porosity 
preservation in lithic reservoirs; Carmo Polis Member Sergipe Alagoes baisin, 
Northeastern Brazil. Am. Petrol. Geol. Bulletin; 79: 725-748. 
De Ros, L.F., Morad, S and Paim, P.S.G, 1994. The role of detrital composition and 
climate on the diagenetic evolution of continental molasses: evidence from the 
Cambro- Ordovician Guaritas Sequence,Southern Brazil. Jour. Sed. Geology; 
92: 197-228. 
Dickinson, J.A.P, 1965. A modified staining technique for carbonates in thin sections. 
Nature; 205: 587P. 
Dickinson, W.R and Rich, E.I, 1972. Petrologic intervals and petrofacies in the Great 
Valley sequence, Sacramento Valley, California. Geol. Soc. Am. Bulletin; 83: 
3007-3024. 
Dickinson, W.R and Suczek, C.A, 1979. Plate-tectonics and sandstones composition. 
Am. Assoc. Petrol. Geol. Bulletin; 63: 2164-2182.  
Dickinson, W.R and Valloni, R, 1980. Plate settings and provenance of sands in 
modern ocean basins. Geology; 8: 82- 86.   
References 
200 
 
Dickinson, W.R, 1985. Interpreting relations from detrital modes of sandstone. In : 
G.G. Zuffa (Ed.), Provenance of Arenites. Reidel, Dordrecht-Boston-
Lancaster; 333-361. 
Dickinson, W.R, 1988. Provenance and sediment dispersal in relation to 
paleotectonics and paleogeography of sedimentary basins. In: kleinspehn, 
K.L., Poala, C. (Eds.), new perspective in basin analysis, Springer, New York; 
3-25. 
Dickinson, W.R., Beard, L.S., Brakenridge, G.R., Erjavec, J.L., Ferguson, R.C., 
Inman, K.F., Knepp, R.A., Lindberg, F.A and Ryberg, P.T, 1983. Provenance 
of North American Phanerozoic sandstones in relation to tectonic setting. 
Geol. Soc. Am. Bulletin; 94: 222- 235.  
Dorsey, R.J, 1988. Provenance evolution and unroofing history of modern arc- 
continental collision: evidence from petrography of Plio-Pliestocene 
sandstones, Eastern Taiwan. Jour. Sed. Petrology; 58: 208-218. 
Drobe, M., López de Luchi, M.G., Steenken, A., Frei, R., Naumann, R., Siegesmund, 
S., Wemmera, K, 2009. Provenance of the Late Proterozoic to Early Cambrian 
metaclastic sediments of the Sierra de San Luis (Eastern Sierras Pampeanas) 
and Cordillera Oriental, Argentina. Jour. Sou. Am. Eart. Science; 28: 239–
262. 
Duane, D.B, 1964. Significance of skewness in recent sediments, Western Pamlico 
Sound, N. Carolina. Jour. Sed. Petrology; 34: 864- 874.  
Dubey, N and Chatterjee, B.K, 1997. Sandstones of Mesozoic Kachchh basins. Their 
provenance and basinal evolution. Ind. Jour. Petrol. Geology; 6: 55-58.          
Duke, W.L., Arnolt, R.C and Cheel, R.J, 1991. Shelf sandstones and hummocky 
cross-stratification: new insights on a stormy debate. Geology; 19: 625-628. 
Dunham, R.T, 1962. Classification of carbonate rocks according to depositional 
textures. In: W. E. Ham (Ed.) Classification of carbonate rocks. Am. Assoc. 
Petrol. Geol. Member; 1: 108-121. 
References 
201 
 
Duzgoren-Aydin, N.S., Aydin, A and Malpas, J, 2002. Re-assessment of chemical 
weathering indices: case study of pyroclastic rocks of Hong Kong. Eng. 
Geology; 63: 99–119.  
Elliot, T, 1978. Clastic Shoreline. In H.G. Reading(Ed) Sedimentary environment and 
facies. Blackwell, Oxford; 143-117. 
Eremenko, N.A., 1968. The tectonics and petroleum possibilities of the southern part 
of India. Mem. Geol. Soc. India; 2: 371 – 376. 
Fedo, C.M., Nesbitt, H.W and Young, G.M, 1995. Unraveling the effects of 
potassium metasomatism in sedimentary rocks and paleosols, with 
implications for weathering conditions and provenance. Geology; 23: 921-924. 
Fedo, C.M., Erikson, K.A and  Krogstad, E.J, 1996. Geochemistry of shales from the 
Archean (3.0 Ga) Buhwa Greenstone Belt Zimbabwe: Implications for 
provenance and source -area weathering. Geochim. Cosm. Acta; 60: 1751-
1763. 
Feng, R and Kevrich, R, 1990. Geochemistry of fine-grained clastic sediments in the 
Archean Abitibi greenstone belt, Canada: im-234 Y.I. Lee / Sedimentary 
Geology 149 (2002) 219–235 implications for provenance and tectonic setting. 
Geochim. Cosm. Acta; 54: 1061– 1081. 
Floyd, P.A and Leveridge, B.E, 1987. Tectonic environment of the Devonian 
Gramscatho basin, south Cornwall: Framework mode and geochemical 
evidence from turbiditic sandstones. Jour. Geol. Soc. London; 144: 531-542. 
Floyd, P.A., Winchester, J.A and Park, R.G, 1989. Geochemistry and tectonic setting 
of Lewisian clastic Metasediments from the early Proterozoic Loch Maree 
Group of Gairloch, NW Scotland. Precamb. Research; 45: 203-214.  
Folk, R.L, 1954. The distinction between grain size and mineral and composition in 
sedimentary rock nomenclature. Jour. Geology; 62: 344-359. 
Folk, R.L, 1959. Practical petrographic classification of limestones. Am. Assoc. 
Petrol. Geol. Bulletin; 43: 1–38. 
References 
202 
 
Folk, R.L, 1965. Some aspects of recrystallization in an ancient limestone. In: 
Dolomitization and limestone diagenesis (eds L.C. Pray, R.C Murrey). Soc. 
Econ. Paleont. Min. Spl. Publication; 13: 14–48. 
Folk, R.L, 1966. A review of grain size parameters, Sedimentology; 60: 73-93. 
Folk, R.L, 1968. Petrology of Sedimentary Rocks: Hemphill‟s, Austin, Texas; 170p. 
Folk, R.L, 1974. The natural history of crystalline calcium carbonate. Effects of 
magnesium content and salinity. Jour. Sed. Petrology; 44:40-55. 
Folk, R.L, 1980. Petrology of Sedimentary Rocks. Hemphills, Austen. Texas;182P. 
Folk, R.L and Ward, W.C, 1957. Brazos River bar: a study in the significance of grain 
size parameters. Jour. Sed. Petrology; 27: 3-27. 
Franzinelli, E and Potter, P.E, 1983. Petrology, chemistry and texture of modern river 
sands, Amazon River system. Jour. Geology; 91: 23-39.  
Friedman, G.M, 1958. Determination of sieve-size distribution from thin section data 
for sedimentary petrological studies. Jour. Geology; 66: 394-416. 
Friedman, G.M, 1961. Distinction between dune, beach and river sands from the 
textural characteristics. Jour. Sed. Petrology; 31: 514-529. 
Friedman, G.M, 1962. On sorting, sorting-coefficients and the log normality of the 
grain size distribution of sandstones. Jour. Geology; 70: 737-753.  
Friedman, G.M, 1979. Difference in size distribution of population of particles among 
sands of various origins. Address of retiring president of the international 
association of sedimentology. Sedimentology; 26: 3-32. 
Funhtbaner, H, 1983. Facies control on sandstone diagenesis: In Parker, B.W and 
Sellwood, B.S (Eds) Sediment Diagenesis, NATA ASI series, D. Reidel 
Publishing; 269-288.  
References 
203 
 
Fürsich, F.T., Oschmann, W., Jaitely, A.K and Singh, I.B, 1991. Faunal response to 
transgressive and regressive cycles –examples from Jurassic of western India. 
Palaeogeog. Palaeoclimat. Palaeoecology; 85: 149-159. 
Fürsich, F.T., Oschmann, W., Singh, I.B and Jaitely, A.K, 1992.  Hardgrounds 
reworked concretions levels and condensed  horizons in the Jurassic of 
western India; their significance for basin analysis. Jour. Geol. Soc. London; 
149: 313-331. 
Fürsich, F.T and Oschmann, W, 1993. Shell Beds as tools in basin analysis of the 
Jurassic of Kachchh, Western India. Jour. Geol. Soc. London; 150: 169-185. 
Fürsich, F.T., Pandey, D.K., Oschmann, W., Collomon, J.H and Jaitley, A.K, 1994. 
Contribution to the Jurassic of Kachchh,Western India II. Bathonian 
stratigraphy and depositional environment of Sadhara Dome, Pachchham 
Island. Beringeria; 12: 95-125. 
Fürsich, F.T., Heinze, M and Jaitly, A.K, 2000. Contribution to the Jurassic of 
Kachchh, Western India.VII. The bivalve fauna. Part IV. Subclass 
Heterodonta. Beringeria; 27: 63-146. 
Fürsich, F.T., Pandey, D.K., Callomon, J.H., Jaitely, A.K and Singh, I.B, 2001. 
Marker beds in Jurassic of Kachchh Basin, western India: their depositional 
environment and sequence-stratigraphic significance. Jour. Palaeont. Soc. 
India; 46: 173-198. 
Fürsich, F.T and Pandey D.K, 2003. Sequence stratigraphy significance of 
sedimentary cycles and shell concentrations in the Upper-Jurassic lower 
Cretaceous of Kachchh, western India. Palaeogeog. Palaeoclimat. 
Palaeoecology; 193: 285-309. 
Fürsich, F.T., Oschmann, W., Pandey, D.K., Jaitly, A.K., Singh, I.B and Lui, C, 2004. 
Paleoecology of Middle to Lower Upper Jurassic Macrofaunas of the Kachchh 
basin, Western India-An overview. Jour. Paleont. Soc. India; 46: 1-26. 
References 
204 
 
Gabo, J.A.S., Dimalanta, C.B., Asio, M.G.S., Queaño, K.L., Yumul Jr, G.P and Imai, 
A, 2009. Geology and geochemistry of the clastic sequence from northwestern 
Panay (Philippines): implications for provenance and geotectonic setting. 
Tectonophysics;  479: 111–119. 
Galloway, W.E and Hobday, D.K, 1983.  Terriginous clastic Depositional Systems. 
Springer-Verlag,  NewYork, 423p. 
Garcia, D., Ravenne, C., Maréchal, B and  Moutte, J., 2004. Geochemical variability 
induced by entrainment sorting: quantified signals for provenance analysis. 
Sed. Geology; 171: 113–128. 
Gaur, K.N and Talib, A, 2009. Middle to Upper Jurassic Foraminifera from Jumara 
Hills, Kutch, India. Reve de Micropaleontology; 52: 227-248. 
Gerasimovskiy, V.I., Nesmeyanova, L.I., Kakhana, M.M and Khazizova, V.D, 1972. 
Trends in the Zr and Hf distributions for lavas of the East African Rift zones. 
Geochem. 12: 1078–1086. 
Girty, G.H, 1991. A note on the composition of plutoniclastic sand produced in 
different climatic belts, (short notes). Jour. Sed. Petrology; 61: 428- 433. 
Graham, S.A., Hendrix, M.S., Wang, L.B and Carrol, A.R, 1993. Collision successor 
basins of Western china. Impact of tectonic inheritance on sandstone 
composition. Geol. Soc. Am. Assoc. Bulletin; 105: 322- 344. 
Grant, C.W, 1837. Memoir to illustrate a geological map of Kutch. Transactions of 
Geol. Soc. London. 2
nd 
Series; 5: 236-289.
 
 
Guha, A.K and Gopikrishna, K, 2005. Diversity evolution and Paleoecology of the 
Tertiary bryozoans assemblages of Western Kachchh, Gujarat India. In: 
Bryozoan studies 2004: (Eds. Moyano, G.H.I. Cancino, J.M and Wyse 
Jackson, P.N) A.A. Balkema Publishers: Leideon; 107-118. 
Govindan, A., Chidambaram, L and Bhandari, A, 1988. Benthic Foraminiferal 
Biostratigraphy across the Jurassic-Cretaceous Boundary in Kutch, India. 
Mem. Geol. Soc. India; 16: 57-74.   
References 
205 
 
Harnois, L, 1988. The CIW, Index: A new Chemical Index of weathering. Sed. 
Geology, 55: 319-322.  
Herron, M.M, 1988. Geochemical classification of terrigenous sands and shales from 
core or log data. Jour. Sed. Petrology; 58: 820-829. 
Hiatte, E and Kyser, K, 2000. Links between depositional and diagenetic processes in 
basin analysis: porosity and permeability in sedimentary rocks. In: Kyser, K 
(Ed) Fluida and basin evolution. Min. Assoc. Canada short course series; 28: 
63-92. 
Hobday, D.K and Horne, J.C, 1997. Tidally influenced Barrier Island and estuarine 
sedimentation in the Upper Carboniferous of southern west Virginia. Sed. 
Geology; 18: 97-122. 
Houseknecht, D.W, 1987. Assessing the relative importance of compaction processes 
and cementation to reduction of porosity in sandstones. Am. Assoc. Petrol. 
Geol. Bulletin; 71: 633- 642. 
Houseknecht, D, 1988. Intergranular pressure solution in four quartzose. Jour. Sed. 
Petrology; 58: 228-246. 
Ingersoll, R.V and Suczek, C.A, 1979. Petrology and provenance of Neogene sand 
from Nicobar and Bengal Fans, DSDP sites 211 and 218. Jour. Sed. Petrology; 
49: 1217 - 1218.   
Ingersoll, R.V, 1990. Actualistic sandstone petrofacies: Discriminating modern and 
ancient source rocks. Geology; 18: 733-736.  
James, N.P and Choquette, P.W, 1983. Diagenesis # 6: Limestones – The seafloor 
diagenetic environment. Geosci. Canada; 10: 162-180. 
James, W., Mack, G and Suttner, L, 1981. Relative alteration of microcline and sodic 
plagioclase in semi arid and humid climates. Jour. Sed. Petrology; 51: 151-
164. 
References 
206 
 
Jeans, C.V, 2000. Mineral diagenesis and reservoir quality- the way forward: an 
introduction. Clay mineral; 35: 3-4. 
Johnson, M.J, 1993. The system controlling the composition of clastic sediments. In: 
Johnson, M.J and A. Basu (Eds). Process controlling the composition of 
Clastic Sediments. Geol. Soc. Am. Spec. Paper; 284: 1-19. 
Kanjilal, S, 1978. Geology and stratigraphy of Jurassic rocks of Habo hill, District 
Kutch (Gujarat). Proc. Indian Nat. Science Academy, Part A, Phy. Science; 
44: 1-15. 
Katz, M.B, 1978. Sri Lanka in Gondwanaland and the evolution of Indian Ocean. 
Geol. Magazine, 115: 237-244. 
Katz, M.B, 1979. India and Madagascar in Gondwanaland based on matching 
Precambrian lineament. Nature; 279: 312 – 315. 
Khalifa, M.A., Soliman, H.E and Wanes, H.A, 2006. The Cambrain Araba Formation 
in Northeastern Egypt: Facies and depositional environments. Jour. Asia.  
Eart.  Science;  20: 1-12. 
Khosla, S.C., Jakhar, S.R and Mohammad, M.H, 1997. Ostracodes from the Jurassic 
rocks of Habo hill, Kachchh, Gujarat. Micropaleontology; 43:1-39. 
Khosla, S.C., Jakhar, S.R and Mohammed, M.H, 2004. Ostracods from the Jurassic 
beds of the Jhura hill, Kachchh, Gujarat. Jour. Geol. Soc. India; 63: 15-38.  
Klein, G. Dev, 1970. Depositional and dispersal dynamics of intertidal sand bars. 
Jour. Sed. Pertrology; 40: 1095-1127.  
Kimberley, M.M and Holland, H.D, 1992 Introduction to Precambrian Weathering 
and Paleosols Early Organic Evolution, Early Organic Evolution: Implications 
for Mineral and Energy Resources. Golubic, S., Kimberley, M.M.,  McKirdy 
Sr. D.M., Trudinger, A.P. (Eds). 978-3-642-76884-2 (Online): 9-15. 
Koshal, V.N, 1984. Differentiation of Rhaetic sediments in the subsurface of Kutch 
based on Palynofossils. Petrol. Asia. Journal; 7: 102-105. 
References 
207 
 
Krishna, J, 1983. Callovian-Albian ammonoid Stratigraphy and palaeobiogeography 
in the Indian subcontinent with special reference to the Tethys Himalaya. 
Himal. Geology; 11: 43-72. 
Krishna, J, 1984. Current status of the Jurassic Stratigraphy in Kachchh, Western 
India. International Symposium. On Jurassic Stratigraphy, Copenhagen; 3: 
731-742. 
Krishna, J, 1987. An overview of the Mesozoic stratigraphy of Kachchh and 
Jaisalmer, Jour. Pal. Soc. India; 32: 136 -149. 
Krishnan, M.S, 1953. The structural and tectonic history of India. Mem. Geol. Surv. 
India; 81: 2- 12. 
Krishnan, M.S, 1968. Geology of the India and Burma. Higginbothams Ltd. Madras, 
5
th
 Edition; 1-536. 
Krumbein, W.C and Pettijohn, J.J, 1938. Manual of the Sedimentary Petrology, 
Appleton Centaury; 549P. 
Krumbein, W.C and Sloss, F.J, 1963. Stratigraphy and Sedimentation, 2
nd
 ed. San 
Francisco-London: Freeman; 660p. 
Krynine, P.D, 1940. Petrology and genesis of the Third Bradford sand, Bull. 
Pennsylvania Stat Coll. Min. Ind. Expt. Sta; 29:134p. 
Lapinskaya, T.A and Preshpyakove, B.K, 1971. Problem of reservoir rocks during 
exploration for oil and gas at depths. In: Sideranko, A.V (Ed.) Status and 
Problem; 115-121. 
Lindholm, M.R.C, 1987. A practical approach to sedimentology, Australian 
Publication; 43-58. 
Longman, M.W, 1980. Carbonate diagenetic texture from near-surface diagenetic 
environments. Am. Assoc. Petrol. Geol. Bulletin; 64: 461-487. 
References 
208 
 
Lindsey, D.A, 1999.  An evaluation of alternative chemical classifications of 
sandstones. USGS Open File report; 99-34, 23p. 
Long, X., Yuan, C., Sun, M., Safonova, I., Xiao, W and Wang, Y, 2012. 
Geochemistry and U–Pb detrital zircon dating of Paleozoic graywackes in East 
Junggar, NW China: Insights into subduction–accretion processes in the 
southern Central Asian Orogenic Belt. Gond. Research; 21: 637-653. 
Lucchi, F.R, 1985. Influence of transport processes and basin geometry on sandstone 
composition. In: Zuffa, G.G. (Ed.) Provenance of Arenites, D. Reidel, 
Dordrecht; 19- 45. 
Lundegard, F.D, 1992. Sandstone porosity loss a big picture view of the importance 
of compaction. Jour. Sed. Petrology; 62: 250-260. 
Mack, G.H, 1984. Exception to the relationship between plate tectonics and sandstone 
composition. Jour. Sed. Petrology; 54: 212 - 220. 
Macintyre, I.G and Reid, R.P, 1995. Crystal alteration in living calcareous algae 
(Halemida): Implications for studies in skeletal diagenesis. Jour. Sed. 
Research; 65: 143-153. 
Macintyre, I.G and Reid, R.P, 1998. Recrystallization in living porcellaneous 
foraminifera (Archaias angulatus): Textural changes without mineral 
alteration: Jour. Sed. Research; 68: 11-19. 
Madhavaraju, J and Lee, Y.I, 2010. Influence of Deccan volcanism in the sedimentary 
rocks of Late Maastrichtian–Danian age of Cauvery basin Southeastern India: 
constraints from geochemistry. Curr. Science; 98: 528-537. 
Mahender, K and Banerjee, I, 1990. Petrography, diagenesis and depositional 
environment of Middle Jurassic, Jaisalmer Carbonates. Ind. Jour. Eart. 
sciences; 17: 194-207. 
Maslov, A.V, Gareev, E.Z and Podkovyrov, V.N, 2010. Upper Riphean and Vendian 
sandstones of the Bashkirian anticlinorium. Lith. Min. Research; 45: 285–301. 
References 
209 
 
Mason, C.C and Folk, R.L, 1958. Differentiation of beach, dune and aeolian flat 
environments by size analysis, Mustang Island, Texas. Jour. Sed. Petrology; 
28: 211-226.   
McBride, E.F, 1985. Diagenetic processes that effects provenance determination in 
sandstone. In : G.G. Zuffa (Ed.), Provenance of Arenites. Reidel, Dordrecht-
Boston-Lancaster; 95-114.  
McBride, E.F, 1989. Quartz cement in sandstones. A review. Eart. Sci. Review; 26: 
69-112. 
McBride, E.F., Diggs, T.N and Wilson, J.C, 1991. Compaction of Wilcox and Carrizo 
sandstones (Paleocene-Eocene) to 4420 m, Texas Gulf Coast: Jour. Sed. 
Petrology; 61: 73–85. 
McCulloh, T.H, 1967. Mass properties of sedimentary rock and gravimetric effects of 
petroleum and natural gas reservoirs. U.S. Geol. Surv. Prof. Paper; 528A: 1-
50. 
McKay, J.L., Longstaffe, F.J and Plint, A.G, 1995. Early diagenesis and its 
relationship to depositional environment and relative sea- level fluctuations 
(Upper Cretaceous Marshybank Formation, Alberta and British Columbia). 
Jour. Sedimentology; 42: 161- 190. 
McLennan, S.M, 1989. Rare earth elements in sedimentary rocks: influence of 
provenance and sedimentary processes. In: Lipin, B.R., McKay G.A. (Eds.), 
Geochemistry and Mineralogy of Rare Earth Elements. Rev. Mineral; 21: 
169–200. 
McLennan, S.M and Taylor, S.R, 1991. Sedimentary rocks and crustal evolution, 
tectonic setting and secular trends. Jour. Geology; 99: 1-21. 
McLennan, S.M., Taylor, S.R., Mcculloch, M.T and Maynard, J.B, 1990. 
Geochemical and Nd-Sr isotopic composition of deep sea turbitites: crustal 
evolution and plate tectonic associations. Geochim. Cosm. Acta; 54: 2015-
2050.  
References 
210 
 
McLennan, S.M., Hemming, S., McDaniel, D.K and Hanson, G.N, 1993. 
Geochemical approaches to sedimentation, provenance and tectonics. Geol. 
Soc. Am, Spl. Paper; 284, 21-40. 
Metcalfe, I, 1988. Origin and assembly of Southeast Asian continental terranes. In: 
Audley-Charles, M. Gand Hallam, A (Eds) Gondwana and Tethys. Geol. Soc. 
Spl. Publication; 37:101-118. 
Metcalfe, I, 1993. Southeast Asian terranes: Gondwanaland origin and evolution. In: 
Findlay, R. H; Unrug, R; Banks, R. M and Veevers,J. J (Eds) Gondwana 
Eight, A.A. Balkema, Rotterdam; 181-200. 
Miall, A.D, 1990.  Principles of sedimentary Basin Analysis, 2
nd
 edition . Springer 
Verlag 669p. 
Milanovsky, E.F, 1972. Continental rift zones, their arrangements and developments. 
Tectonophysics; 15: 65-87. 
Milner, H.B, 1962. Sedimentary Petrography Part II. George Allen and Unwin Ltd. 
London; 715P. 
Mishra, D and Tiwari, R.N, 2005. Provenance study of siliciclastic sediments, Jhura 
Dome, Kachchh, Gujarat. Jour. Geol. Soc. India; 65: 703-714. 
Mishra, D and Tiwari, R.N, 2006. Lithofacies and depositional dynamics of golden 
oolites (Bathonian), Kachchh Mainland, Gujarat, India. Jour. Asia. Eart. 
Sciences; 26: 449-460. 
Mishra, D and Pandey, D.K, 2008. Microfacies and depositional environment of the 
Bathonian Jhurio Formation at the Jumara Dome, Kachchh, Western India. 
Asia. Jour. Exper. Sciences; 22: 123-140. 
Mishra, D and Krishna, J, 2008. Lithofacies and depositional model of Gamdua 
Formation (Kimmeridgian) Western Wagad, Kachchh, India. Jour. Ind. Assoc. 
Sedimentologists; 27: 103-110. 
References 
211 
 
Mishra, D and Biswas, S.K, 2009. Sedimentology, sequence Stratigraphy and syn-rift 
model of younger part of Washtawa Formation and early part of Kamthkoy 
Formation, Wagad, Kachchh Basin, Gujarat. Jour. Geol. Soc. India; 73: 519-
597.  
Millot, G, 1970. Geology of Clays: Springer-Verlag, New York, 199-204. 
Morad, S., Ketzer, J.M and De Ros, L.F, 2000. Spatial and temporal distribution of 
diagenetic alterations in siliciclastic rocks: implications for mass transfer in 
sedimentary Basins. Sedimentology; 47: 95-120. 
Moiola, R.J and Weiser, D, 1968. Textural parameters: An evaluation. Jour. Sed. 
Petrology; 38: 45-53. 
Mongelli, G., Critelli, S., Perri, F., Sonnino, M and Perrone, V, 2006. Sedimentary 
recycling, provenance and paleoweathering from chemistry and mineralogy of 
Mesozoic continental redbed mudrocks, Peloritani mountains, southern Italy. 
Geochemical Jour; 40: 197-209. 
Naini, B.R and Kolla, V, 1982. Acoustic character and the thickness of the Indus Fan 
and the Continental Margins of Western India. Mar. Geology; 47:181-195. 
Nandi, A.K and Desai, S.J, 1997. Petrographic and geochemical evidences of 
diagenesis within the middle Jurassic Carbonates of Kutch, India. Ind. Jour. 
Petrol. Geology; 6: 40-59. 
Nentwich, F.W and Yole, R.C.W, 1997. Petrology and diagenetic history of deltaic 
litharenites, Oligocene- kugmallit sequence, Beaufort- Mackenzie Basin, 
Arctic Canada. Bull. Can. Petrol. Geology; 45: 339-355. 
Nesbitt, H.W and Young, G.M, 1982. Early Proterozoic climates and plate motions 
inferred from major element chemistry of lutites. Nature; 299: 715-717.  
Nesbitt, H.W and Young, G.M, 1984. Prediction of some weathering trend of plutonic 
and volcanic rocks based on thermodynamic and kinetic consideration. 
Geochim. Cosmo. Acta; 48: 1523-1534. 
References 
212 
 
Nesbitt, H.W and Young, G.M, 1989. Formation and diagenesis of weathering 
profiles. Jour. Geology; 97: 129– 147. 
 Nesbitt, H.W., Fedo, C.M and Young, G.M, 1997. Quartz and feldspar stability, 
steady and non steady weathering state, and petrogenesis of siliciclastic sands 
and muds. Jour. Geology; 105: 173-191. 
 Nesbitt, H.W., Young, G.M., MeLennan, S.M and Keyas, R.R, 1996. Effects of 
chemical weathering and sorting on the petrogenesis of siliciclastic sediments 
with implication for provenance studies. Jour. Geology; 104: 525-542. 
Nesbitt, H.W, 2003. Petrogenesis of siliciclastic sediments and sedimentary rocks, 
Geotex 14: Newfoundland, Geol. Assoc. Canada. 
Newman, S., Macdongall, J.D and Finkel, R.C, 1984. 
230
Th-
238
U disequilibrium in 
island arcs: Evidence from the Aleutian and the Marianas. Nature; 308: 268-
270. 
Norton, I.D and Sclater, J.G, 1979. A model for the evolution of the Indian Ocean and 
the breakup of Gondwanaland. Jour. Geo. Research; 84: 6803-6830. 
Ohta, T, 2008. Measuring and adjusting the weathering and hydraulic sorting effects 
for rigorous provenance analysis of sedimentary rocks: a case study from the 
Jurassic Ashikita Group, south-west Japan. Sedimentology; 55: 1687–1701.  
Okada, H, 1971. Classification of sandstone: analysis and proposal. Jour. Geology; 
79: 509-525. 
Oldershaw, A.E, 1971. The significance of ferroan and non-ferroan calcite cements in 
the Halkin and Wenlock limestones (Great Britain), In: Bricker, O.P. (Ed.), 
Carbonate Cements: Baltimore, Md., John Hopkins University b Press; 225-
232. 
Oldham, R.D, 1893. A Manual of the Geology of India 2
nd
. Ed. Govt. of the India 
Press. Calcutta; 1-553. 
References 
213 
 
Osman A.H and Mahender, K, 1997. Stratigraphy and Sedimentology of middle 
Jurassic (Callovian-Oxfordian) sequence of Habo Hill, Kutch, Gujarat. Jour. 
Ind.  Assoc.  Sedimentologists; 16: 103-110. 
Pandey, D.J and Dave, 1993. Studies in Mesozoic forominifera and 
chronostratigraphy of Western Kutch, Gujarat, India Paleontographiea; 1: 1-
221. 
Pandita, S.K, 1996. Stratigraphy and facies evaluation of Middle and Upper Siwalik 
sequence in Jammu Himalaya. Unpublished Ph.D Thesis, University of 
Jammu, Jammu. 
Pate, C.R, 1989. Assessing the Relative Importance of Compaction Processes and 
Cementation to Reduction of Porosity in Sandstones: Discussion. Am. Assoc. 
Petrol. Geol. Bulletin; 73: 1270-1273. 
Patel, S.J., Desai, B.G., Vaidya, A.D and Shukla, R, 2008. Middle Jurassic trace 
fossils from Habo Dome, Mainland, Kachchh, Western India. Jour. Geol. Soc. 
India; 71: 345-362. 
Pavlenko, A.S., Vainshtein, E.E and Shevaleevskii, I.D, 1957. On the Hafnium-
Zirkonium ratio in zircon of igneous and metasomatic rocks. Geo. Int; 411–
430. 
Pettijohn, F.J., Potter, P.E and Siever, R, 1972. Sand and Sandstone: Berlin, 
Heidelberg, New York. Springer-Verlag, 618p. 
Pettijohn, F.J., Potter, P.E and Siever, R, 1987. Sand and sandstone. Springer, New 
York; 553P. 
Power, M.C, 1953. A new roundness scale for sedimentary particles. Jour. Sed. 
Petrology; 23:117-119. 
Primmer, J.J., Cade, C.A., Evans, J., Gluyas, J.G., Hopkins, M.S and Oxtoby, N.H, 
1997. Global patterns in sandstone diagenesis: their application to reservoir 
quality prediction for petroleum exploration. In: Kupecz, J.A., Gluyas, J., 
References 
214 
 
Bloch, S (Ed) Reservoir quality prediction in sandstones and carbonates. Am. 
Assoc. Petrol. Geol. Memior; 69: 61-77. 
Prucha, J.J., Graham, J.A. and Nickelson, R.P, 1965. Basement controlled 
deformation in Rocky Mountains foreland. Am. Assoc. Petrol. Geol. Bulletin; 
49: 966 – 992. 
Pryor, W.A, 1973. Permeability-porosity patterns and variations in some Holocene 
sand bodies.. Am. Assoc. Petrol. Geol. Bulletin; 57: 162-189.  
Rajnath, 1932. A contribution to the stratigraphy of Kutch. Geol. Min. Soc. India; 4: 
161-174. 
Ramm, M, 2000. Reservior quality and its relationship to facies and provenance in 
Middle to Upper Jurassic sequences, NE north sea. Clay Minerals; 35: 77-94. 
Raza, M., Ahmad, A.H.M., Khan, M.S and Khan, F, 2010. Geochemistry and detrital 
modes of Proterozoic sedimentary rocks, Bayana Basin, north Delhi fold belt: 
implications for provenance and source area weathering. Inter. Geol. Review; 
54: 111-129.   
Raza, M., Bhardwaj, V.R., Dayal, A.M., Rais, S and Khan, A, 2011. Geochemistry of 
lower Vindhyan Clastic sedimentary rocks of Northwestern Indian shield: 
Implications for composition and weathering history of Proterozoic 
continental crust. Jour. Asia. Eart. Sciences; 39: 51-61.  
Reid, R.P., Macintyre, I.G and Post, J.E, 1992. Micritized skeletal grains in northern 
Belizelaggon: A major source of Mg-calcite mud. Jour. Sed. Petrology; 62: 
145-156. 
Reineck, H.E and Singh, I.B, 1986.  Depositional Sedimentary Environment. 
Springer-Verlag, New York, 549p. 
Rieu, R., Allen, P.A., Plötz, M and Pettke, T, 2007. Climatic cycles during a 
Neoproterozoic “snowball” glacial epoch. Geology; 35: 299-302 
References 
215 
 
Roohi Irshad and Ahmad, A.H.M, 2013. Petrography and Major Element 
Geochemistry of Habo Formation Sediments, Kachchh, Western India: Clues 
for Provenance. Asia. Jour. Sci and Technology; 4: 10-022. 
Roser, B.P and Korsch, R.J, 1986. Determination of tectonic setting of sandstone- 
mudstone suites using SiO2 content and K2O/Na2O ratio. Jour. Geology; 94: 
635-650.  
Roser, B.P and Korsch, R.J, 1988. Provenance signatures of sandstone-mudstone 
suites determined using discrimination function analysis of major-element 
data. Chem. Geology; 67: 119–139.  
Rossi, C., Marfil, R., Ramseyer, K and Permanyer, A, 2001. Facies related diagenesis 
and multiphase siderite cementation and dissolution in the reservoir 
sandstones of the Khatatba Formation, Egypt‟s western desert. Jour. Sed. 
Research; 71: 459-472. 
Sahu, B.K, 1964. Depositional mechanism from the size analysis of clastic sediments. 
Jour. Sed. Petrology; 34: 73-83.  
Scherer, M, 1987. Parameters influencing porosity in sandstones: A model for 
sandstone porosity prediction. Am. Assoc. Petrol. Geol. Bulletin; 71: 485-491. 
Schwab, F.L, 1981. Evolution of the western continental margin. French-Italian Alps: 
sandstone mineralogy as an index of plate tectonic setting. Jour. Geology; 89: 
349-368. 
Schmidt, V and Mcdonald, D.A, 1979. The role of secondary porosity in the course of 
sandstone diagenesis. Aspects of diagenesis: SEPM Spl. Publication; 26: 175–
207. 
Scoffin, T.P, 1987. An introduction to carbonate sediments and rocks, 274. Blackie 
and Son Ltd. Glasgon. 
Selley, R.C, 1978. Porosity gradients in North Sea oil bearing sandstones. Jour. Geol. 
Soc. London; 135: 119-132. 
References 
216 
 
Sherman, C.E., Fletcherher, C.H and Rubin, K.H, 1999. Marine and meteoric 
diagenesis of Pleistocene carbonated from a nearshore submarine terrace, 
Oahu, Hawaii. Jour. Sed. Research; 69: 1083-1097. 
Singh, C.S.P., Jaitley, A.K and Pandey, D.K, 1982. First report of some Bajocian 
Bathonin (Middle Jurassic) Ammonoides and the age of the oldest Sediments 
from Katchchh. Newsletters on stratigraphy, Western India. Jour. Geol. Soc. 
India; 34: 152-160. 
Singh, C.S.P, 1961. A study of the Habo beds of Fakirwari-walakhawas Tank area on 
the south of Bhuj, Kutch (India). (Unpublished Ph.D thesis, Banaras Hindu 
University). 
Singh, I.B, 1989. Dhosa Oolites- transgressive condensation horizon of Oxfordian age 
in Kachchh, Western India. Jour. Geol. Soc. India; 34: 152-160. 
Singh, B.P and Yong II Lee, 2007. Atmospheric pCO2 and climate during late Eocene 
(36 ± 5 Ma) on the Indian subcontinent. Curr. Science; 92: 518- 523. 
Singh, B.P., Tandon, S.K., Singh, G.P and Pawar, J.S, 2009.  Palaeosols in early 
Himalayan foreland basin sequences demonstrate latitudinal shift-related long-
term climatic change. Sedimentology; 56: 1464–1487. 
Sowerby, J.D.C, 1840. Description of fossils from the Upper Secondary Formation of 
Kachchh collected by CW Grant. Trans. Geol. Soc. London; 2: 5. 
Spath, L.F, 1927-33. Revision of the Jurassic Cephalopod fauna of Kachchh, India. 
Pel. India, new ser 9, memoir; 2. 
Steinhauff, D.M, 1989. Marine Cements. In: The fabric of cements in Paleozoic 
limestones (Ed. K.R. Walker), University of Tennessee, Studies in Geology; 
20: 37–53. 
Steinhauff, D.M, 1993. Sequence stratigraphy and comparative diagenesis of Middle 
Ordovician shelf-to-shelf edge limestone, the Copper creek allochthon, east 
Tennessee (unpublished PhD thesis), University of Tennessee, Knoxville. 
References 
217 
 
Subbotina, N.N., Dutta, A.K and Srivastava, A.K, 1960. Foraminifera  from the Upper 
Jurassic deposits of Rajasthan (Jaisalmer) and Kachchh, India. Quat. Jour. 
Geol. Min. Met. Society; 23: 1-48. 
Sun, S.S and McDonough, W.F, 1989. Chemical and isotopic systematics of oceanic 
basalts: Implications for mantle composition and processes. Geol. Soc. 
London, Spl. Publication; 42: 313-345. 
Suttner, L.J and Dutta, P.K, 1986. Alluvial sandstones composition and paleoclimate, 
I, framework mineralogy, Jour. Sed. Petrology; 56: 329 – 345. 
Suttner, L.J, 1974. Sedimentary petrographic provinces: An evaluation. SEPM Spl. 
Publication; 21: 75-84. 
Suttner, L.J., Basu, A and Mack, L.M, 1981. Climate and the origin of quartzarenites. 
Jour. Sed. Petrology; 51: 1235-1246. 
Talib, A., Gaur, K.N and Bhalla, S.N, 2007. Callovian-Oxfordian boundary in Kutch 
Mainland, India. A foraminiferal approach. Revue de Paleobiologie; 26: 625. 
Talib, A and Faisal, S.M.S, 2013. Benthic Foraminiferal biostratigraphy of Middle to 
Late Jurassic Sequence, Ler Dome, Kutch. Geol. Soc. India, Spl. Publication; 
1: 291-296.    
Talib, A., Gaur, K.N., Sisodia, A.K., Bilal A.B and Roohi Irshad, 2012. Foraminifera 
from Jurassic Sediments of Keera Dome, Kutch. Jour. Geol. Soc. India; 80: 
667-675. 
Taylor, S.R, and McLennan, S.M, 1985. The Continental Crust: its composition and 
evolution: An examination of the geochemical record preserved in 
Sedimentary Rocks. Blackwell Science, Oxford, 312p. 
Taylor, J.M, 1950. Pore space reduction in sandstone. Am. Assoc. Petrol. Geol. 
Bulletin; 34: 710 -716.  
Tewari, B.S, 1957. In Rao, S.R.N: Report from India. Micropaleontology, 3: 196. 
References 
218 
 
Tewari, V.C, 1994. Sedimentology of the rocks of Deoban Basin, Dhuraphat area, 
sarju valley, eastern kumaon lesser Himalaya. Jour. Geoscience; 15: 117-162. 
Thompson, S.L and Barron, E.J, 1981. Comparison of Cretaceous and present Earth 
Albedos: Implication for the causes of Paleoclimates. Jour. Geology; 89: 143-
167. 
Tiwari, R.N and Mishra, D, 2007. Microfacies analysis of transgressive condenced 
sequence: A study from the Oxfordian of Kachchh Basin, Gujarat. Jour. Geol. 
Soc. India; 70: 923-932. 
Tortosa, A., Palomares, M and Arricas, J, 1991. Quartz grain types in Holocene 
deposits of Spanish Central system: some problems in provenance analysis., in 
Morton, A.C., Todd, S.P., Haughton, P.D.W.(eds.), Development in 
sedimentary provenance studies: Geol. Soc. London, Spl. Publication; 57: 47-
54.  
Tucker, M.E and Wright, V.P, 1990. Carbonate Sedimentology. Oxford. UK. 
Blackwell Scientific Publications; 482P. 
Valloni, R and Mezzardi, G, 1984. Compositional suites of terrigeneous deep sea 
sands of the present continental margins. Sedimentology; 31: 353-364.   
Valloni, R, 1985. Reading provenance from modern marine sands. In: G.G. Zuffa 
(Ed), Provenance of Arenites. Reidel, Dordrecht; 309-332.  
Velbel, M.A, 1985. Mineralogically mature sandstones in accretionary Prisms. Jour. 
Sed. Petrology; 55: 685-690.  
Visher, G.S, 1969. Grain size distributions and depositional processes. Jour. Sed. 
Petrology; 39: 1074-1106. 
Van de Kamp, P.C and Leake, B.E, 1985. Petrography and geochemistry of 
feldspathic and mafic sediments of the northeastern Pacific margin. Royal 
Society of Edinburgh Transactions, Eart. Sciences; 76: 411-449. 
References 
219 
 
Waagen, W, 1875.  Abstract of results of the examinations of the ammonite fauna of 
kutch with remarks on their distribution among the beds and probable age. 
Records of the Geological Survey of India; 4: 89-101. 
Walker, R.G, 1984. Shelf and shallow marine sands. In: R.G. Walker, (Ed.), Facies 
Models, Toronto. Geol. Assoc. Canada; 141-170. 
Walker, T.R, 1974. Formation of Red Beds in Moist Tropical climates: A hypothesis. 
Geol. Soc. Amer. Bulletin; 85: 633-638.   
Wani, H and Mondal, M.E.A, 2010. Petrological and geochemical evidence of the 
Paleoproterozoic and the Meso-Neoproterozoic sedimentary rocks of the 
Bastar craton, Indian Peninsula: implications on paleoweathering and 
Proterozoic crustal evolution. Jour. Asia. Eart. Sciences; 38: 220–232. 
Wedepohl, K.H, 1991. The composition of the upper earth‟s crust and the natural 
cycles of selected metals: metals in natural raw materials, natural resources, in 
E. Merian, (ed.), Metals and their Compounds in the Natural Environment: 
Weinhein (VCHVerlagsges), Germany; 3-17. 
Weltje, G.J., Meijer, X.D and Deboer, P.L, 1998. Stratigraphic inversion of 
siliciclastic basin fills:   a note on the distinction between supply signals 
resulting from tectonic and climate foreign: Basin Research; 10: 129-153. 
Wilson, M.D, 1994. Reservior quality assessment and predicition in clastic reservoirs 
(Ed) SEPM short course, 30; 432P. 
Wilson, J.C and McBride, E, 1988. Compaction and porosity evolution of Pliocene 
sandstones, Ventura Basin, California. Am. Assoc. Petrol. Geol. Bulletin; 72: 
664-681. 
Wolf, K.H and Chilingarian, G.V, 1976. Diagenesis of sandstone and compaction in 
cghhilingorian, G.V and Wolf, K.H., eds, compaction of coarse grained 
sediments, 11, Amsterdam, Elsevier, 69-444. 
Wong, P.K and Oldershaw, A, 1981. Burial cementation in the Devonian Kaybob 
Reef Complex, Alberta, Canada. Jour. Sed. Petrology; 51:  507-520. 
References 
220 
 
Worden, R.H and Morad, S, 2000. Quartz cementation in oilfield sandstones: a review 
of the key controversies. In R.H. Worden and S. Morad, (Eds), Quartz 
Cementation of Sandstones. IAS Spl. Publication; 29, 1-20.  
Wronkiewicz, D.J and Condie, K.C, 1987. Geochemistry of Archean shales from the 
Witwatersrand Supergroup, South Africa: 421. Source area weathering and 
provenance. Geochim. Cosm. Acta; 51: 2401-2416. 
Wynne, A.B, 1872. Memoir Geological Survey of India, No. 9, 289P.  
Yan, Z.W., Z. Li., Q.X. Li and Jones, P, 2010.  Effects of site-change and 
urbanization in the Beijing temperature series 1977–2006. Internat. Jour. 
Climatology; 30: 1226–1234, doi: 10.1002/joc.1971. 
Zaigham, N.A and Mallick, K.A, 2000. Bela opholite zone of southern Pakistan: 
Tectonic setting and associated mineral deposit. GSA Bulletin; 112: 478-489. 
Zimmermann, U and Bahulburg, H, 2003. Provenance analysis and tectonic setting of 
the Ordovician clastic deposits in the southern Puna Basin, NW Argentina. 
Sedimentology; 50: 1079-1104. 
Zuffa, G.G, 1980. Hybrid arenites: their composition and classification. Jour. Sed. 
Petrology; 50: 21-30.    
 
Abstract 
1 
ABSTRACT 
Kachchh Basin is situated at the southern edge of the Indus shelf at right 
angles to the southern Indus fossil rift (Zaigham and Malik, 2000). It is bounded by 
the Nagar Parkar fault in the north, Radhanpur Barmer arch in the east and Kathiawar 
fault towards the south. The basin extends between latitude 22º30′ and 24º30′ and 
longitudes 68º and 72º E covering entire Kachchh district and western part of 
Banaskantha (Santalpur Taluka) districts of Gujarat states. The total area of the basin 
is about 16,500 sq. miles of which outcrop area includes only 500 sq miles. The basin 
is filled up with 5000 to 8000 ft of Mesozoic sediments and 1800 ft of Tertiary 
sediments. The Mesozoic rocks in the Kachchh Basin range from Middle Jurassic to 
Lower Cretaceous in age and are exposed extensively in the Kachchh Mainland, 
Wagad, the islands of Patcham, Bela, Khadir and Chorar. The mainland outcrops are 
exposed as a continuous succession from Bajocian to Albian and consist of a 
prominent ridge extending for about 193 Km from Jawahar Nagar in the east to Jara 
in the west. Mesozoic sediments ranging in age from Bajocian to Albian lie 
unconformably on the Precambrian basement (Bardan and Datta, 1987). Marine 
Jurassic mixed with siliciclastic-carbonate sediments exposed in Kachchh Basin bear 
signatures of an inundation by sea during the Bajocian which persisted throughout the 
Jurassic and Early Cretaceous until Albian.  
The present study mainly aims to emphasize the importance of facies, 
petrofacies, geochemistry and diagenetic studies to interpret the depositional 
environment, provenance and tectonic history of Habo Dome, Kachchh Basin, as well 
as degree of compaction, cementation and depth of burial of the enclosed sediments. 
For this purpose three field sessions were devoted during the month of November 
2011, January 2012 and March 2013 for detailed lithofacies studies, measurement of 
sections, collection of palaeocurrent data and collection of samples for the follow-up 
laboratory investigations. Five well exposed lithostratigraphic sections were measured 
from Dhrang, Jhikadi, Rudramata and Lodai localities. Lithosections were prepared 
on the basis of field data and lithofacies were identified. Seventy thin sections of 
sandstone and limestone samples were prepared for petrographic study. 
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The Habo Dome Sandstones are medium to coarse grained, well sorted to very 
well sorted, finely skewed to near symmetrical and platykurtic, mesokurtic, and very 
leptokurtic to leptokurtic. Majority of the sediments are subangular to subrounded and 
are dominantly of low sphericity followed by medium sphericity. Texturally the 
studied sandstones are submature. The interrelationship between various textural 
parameters appears to be normal thereby suggesting that the original texture of the 
sediments and by implication, original detrital modes are preserved and have not been 
affected by diagenetic process. 
For depositional environment, eleven lithofacies are recorded from Habo 
Dome which include black micritic limestone facies, matrix supported conglomerate 
facies, tabular cross-bedded sandstone facies, trough cross-bedded sandstone facies, 
laminated sandstone facies, massive sandstone facies, ripple bedded sandstone facies, 
interbedded gypsiferous shale and sandstone / siltstone facies, interbedded limestone 
and shale facies, oolitic limestone facies, herring-bone cross-bedded sandstone facies. 
Based on these lithofacies, three distinct facies associations have been identified. 
Facies Association–I: Tidally Influence Fluvial Facies, Facies Association–II: Fore 
Shore–Offshore Facies, Facies Association-III: Tidal Flat Lagoonal Facies. Analysis 
of facies and their association in space and time between the studied sections reveal 
three distinct depositional environments. These include tidally influenced fluvial 
deposits, shoreface-foreshore deposits and tidal flat lagoonal deposits. These 
contrasting paleoenvironment settings suggest deposition at a basin margin and 
sediment were derived from fluvial as well as shallow marine sources.    
 The detrital content of the studied sandstones is mainly composed of several 
varieties of quartz followed by feldspars, micas, rock fragments and heavy minerals. 
According to Folk (1980) classification, the sandstones of Habo Dome are mainly 
quartzarenite and subarkose followed by arkose and lithicarkose. Bivariant log/log 
plot used for interpreting the paleoclimate of Habo Dome Sandstones indicates a 
humid climate for the region. 
 The data on the types of quartz are plotted in the provenance discrimination 
diagram of Basu et al., (1975) and Tortosa et al., (1991), in which the data plots in the 
plutonic and middle to high rank metamorphic fields with almost equal contribution 
Abstract 
3 
from each component indicating a source area comprising largely of plutonic and 
upper metamorphic rocks, which represent the exposed roots of magmatic cores or 
older crystalline basement in the area.  
         The Qt-F-L plot suggests contribution from the craton interior with basement 
uplift. The Qm-F-Lt plot shows that the plot of the data falls both in the continental 
block basement uplift provenance with almost equal contribution from the recycled 
orogen provenance. The Qp-Lv-Ls plot which is based on rock fragment population 
reveals the source in rifted continental margin and collision suture and fold thrust belt. 
In the Qm-P-K diagram, the data lie in the continental block provenance reflecting 
maturity of sediments and stability of source area. 
       The provenance for Habo Dome Sandstones is believed to be weathered parts 
of the present day Aravalli range situated northeast, east and southeast of the basin 
and Nagarparkar massif situated northeast, east and southeast of the basin. This is 
indicated by sand dispersal pattern studied by various workers (Balagopal and 
Srivastava, 1975; Dubey and Chatterjee, 1977). 
 The average percentage of different types of contacts in the studied sandstones 
is as follows: floating grains (63% in Dhrang Sandstone and 52% in Jhikadi 
Sandstone), point contacts (29% in Dhrang Sandstone and 38% in Jhikadi Sandstone), 
long contacts (6% in Dhrang Sandstone and 7% in Jhikadi Sandstone), concavo-
convex contacts (1% in Dhrang Sandstone and 2% in Jhikadi Sandstone), sutured 
contacts (1% in each Dhrang and Jhikadi Sandstones). The abundance of floating 
grains in the studied sandstones is suggestive of limited pressure solution activity in 
these sandstones. The high percentage of floating grains and point contacts with low 
contact index values are mainly found in sandstones with the pervasive development 
of calcite and Fe-calcite cement, which are probably precipitated at a very early stage 
during sedimentation. 
The sandstones are cemented with iron oxide, carbonate, silica and clay 
cement which are clearly distinguishable from detrital components and the former has 
not modified the later except in some patches. The study shows that the existing 
optical porosity (EOP) ranges from 1 to 16%, average 8% and 1 to 26%, average 7% 
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in Dhrang and Jhikadi Sandstones respectively, while minus cement porosity (MCP) 
ranges from 16 to 37%, average 27% in Dhrang Sandstone and 18 to 48%, average 
29% in Jhikadi Sandstone. Porosity loss due to cementation in the studied sandstone 
indicates that cement and matrix played a dominant role in reducing depositional 
porosity. The average minus cement porosity plotted on various standard graphs of 
porosity versus depth which suggests a depth of burial of about 533 to 2617m for 
Dhrang Sandstone and 457 to 2165m for Jhikadi Sandstone of Habo Dome. Overall 
diagenetic history of Habo Dome Sandstones indicates shallow to deep burial 
conditions for these sandstones.  
The diagenetic signatures of compaction, cementation, micritization, 
neomorphism and resultant porosity and permeability observed within the limestone 
of Habo Dome at different stratigraphic levels suggests early or syn-depositional and 
post depositional changes in marine phreatic, fresh water phreatic, and deep burial 
diagenetic environment. Carbonate diagenesis is primarily driven by the sediment-
water interaction most commonly within the marine, meteoric or deep burial 
environments.  
Geochemically, Habo Dome Sandstones show decreasing trend from Dhrang 
to Jhikadi sandstones in the concentrations of SiO2 coupled with concomitant increase 
in other oxides particularly Al2O3. On the other hand, shales are characterized by 
lower SiO2 coupled with higher Al2O3 contents compared to sandstones. The strong 
positive correlations of MgO, K2O, TiO2 and P2O5 with Al2O3 suggests that their 
concentrations are primary and they are associated with micaceous/ clay minerals. 
Among sandstones, JST (Jhikadi Sandstone) is more enriched in LILEs (except Sr), 
TTEs and HFSEs compared to DST (Dhrang Sandstone) while in shales DSH 
(Dhrang Shale) and RSH (Rudramata Shale)  are more enriched in TTEs and HFSEs 
compared to JSH (Jhikadi Shale)  and LSH (Lodai Shale). Furthermore, shales are 
more enriched in TTEs compared to associated sandstone suggesting the 
incorporation of mafic minerals in fine fractions or phyllosilicate control on the TTE 
abundances. Rb, Ba, Th and U except Sr are positively correlated with K2O 
suggesting control of K-feldspar minerals on the distribution of these elements. 
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Average Zr/Hf ratio varies from 30-40 which suggests that these elements have been 
controlled by zircon.  
 The geochemical classification diagrams of Pettijohn et al., (1987) and Herron 
(1988) classify Habo Dome clastics as wacke, arkose and litharenite. The UCC and 
PAAS normalized spidergrams of Habo Dome clastics indicate depleted nature of all 
the elements. However, elements like SiO2, TiO2, Fe2O3, V, Ni, Ba and Th show 
variable enrichments.  
 The paleoweathering indices including CIA, PIA, CIW, ICV plot pattern in 
ACNK diagram and values of K2O/Al2O3 and Th/U ratios of the sandstones and 
shales of the Habo Dome, assign moderate to intense degree of chemical weathering 
under humid climate of the protolith.  
Geochemical abundance of immobile elements, their ratios and discrimination 
diagrams involving such elements have been used to interpret source rock lithology. 
Most of the samples of the Habo Dome clastics exhibit Th/Sc >1 and Zr/Sc >10. The 
distribution of plots of the Habo Dome clastics in Th/Sc versus Zr/Sc diagram 
indicates that these rocks have been derived from a recycled source. A comparison of 
ratios like Eu/Eu, La/Sc, Th/Sc, La/Co and Th/Co of coarse and fine clastics of Habo 
Dome with respective values of coarse and fine fractions given by Cullers (2000) 
assign a predominantly felsic source terrain for Habo Dome sediments. Similarly, 
diagrams like TiO2 versus Ni, La/Sc versus Th/Co, La/Th versus Hf and V-Ni-Th*10, 
affirm felsic nature of the source terrain with minor mafic component. Moreover, 
chondrite normalized patterns of the Habo Dome sediments and their La/Smn, 
Gd/Ybn, La/Ybn and Eu anomalies further authenticate a mixed provenance for Habo 
Dome clastics.  
Various tectonic setting discrimination diagrams based upon mobile elements 
e.g. K2O/Na2O versus SiO2 and immobile elements e.g. La-Th-Sc and Th-Sc-Zr/10 
advocate for a passive to active continental margin tectonic setting for Habo Dome 
clastics. The magnitude of LREE enrichment over HREE with minor negative Eu 
anomaly is another evidence for passive margin characteristics. 
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Integrated analysis of petrographic and geochemical characteristics coupled 
with various paleocurrent studies on Jurassic sandstone of Kachchh Basin suggest that 
detritus was mostly derived from Aravalli Mountain Range situated north east, east 
and south east of the basin and Nagarparkar massif situated north and northwest of the 
basin. These source terrains are mainly composed of granites and gneisses along with 
medium to high grade metamorphosed supracrustals. 
